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Background

Unexploded Ordnance (UXO) cleanup is the number one priority Army

Cleanup Problem requirement and is identified as a major problem throughout
the Department of Defense (DoD). The problem is enormous in scope and
complexity. In excess of 11 million acres (approximately 44,500 km?) of land
are contaminated with UXO. The UXO ranges in size from 20-mm rounds to

nnnn -thrn-, RPN T 54 .

2,U00- ib bombs. Appr0x1mately 50 percem of the UXO is estimated to lie on or
y nea .

ey neat surface. while the remaining
ery near the sur dL.c, while the rcumuuug 50 percent isb
T n b

more. Before the UX0O-contaminated DoD lands ¢

vV
(remediated), the extent of UXO contamination must b d termmed 1 e., the
surface and buried UXO must be located. To achieve the UXO location
requirement, Johnson et al. (1996) define a hierarchical four-stage systems
process of UXO sensing, consisting of (1) prescreening, (2) cuing, (3) detection,

and (4) classzjzcanon Prescreenlng is tne stage ot prlormzmg potenually UXO-
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of regi UXO fi elds, wit_h.in the larger
reas, by an expedient large-area coverage approach (likely an airborne survey).
It seems loglcal to combine the prescreening and cuing stages of Johnson et al.
(1996) into a single screening stage. In this report, an additional stage of

discrimination is defined. The term identification is also defined and is

la e
s-sts of location of regions
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considered the same as the ciassiﬁcation stage of Johnson et al. Thus, following
the example of Jonnson et al, Lms repon consmc s a four stage UXO io*-ation

While surface UXO can be located visually and with remote (airborne) imag-
ing techniques in many cases, the surface area to be surveyed is very large and
cluttered with metallic and other cultural debris. In addition, the vegetative
covers of the UXO contaminated lands vary greatly as does the surface soil and

rock type and texture. Although the surface UXO problem is large and

complex the fact mat it can be addressed with remote 1mag1ng systems isa

lard,
large areas rapidly with high

neer Waterwavs Fynprlmf-‘nt

g Waterways Experiment

AL . . £ y
Station (WES) Remote Minefields Detection System (REMIDS) arrborne system

- "

llld_]Ul auvaumgc, since Sucit Systems Can survey

surface UXO and large concentrations of surface ordnance debris are indicators
of the possible presence of buried UXO, airborne imaging survey systems such

Introduction



as REMIDS, possibly augmented with additional sensors, can make a major
contribution to the screening stage for location of buried UXO fields.

arniind crrefaona agannhauoinal canrvasrg 0 Aatant gannhygcinal anamaliag

gluuuu dullalC glupllyyitdl dul VC_YD LU Uit 5CUPII dival alluiiialivd vau vy
the buried UXO. Detection of buried UXO is identified as a major technology
shortfall in numerous recer mt ies and field demon: tratlons( e.g., Johnson

Secretary of Defense (OSD) 1997), and is a considerably more difficult problem
than surface UXO mapping. Discrimination of anomalies likely caused by
ordnance-like targets from “false alarm” anomalies caused by other buried
objects (particulariy metaiiic objects) and geologic features is even more
AL A T4

UlLlICUuit.

Past research, development and demonstration efforts to address the buried
UXO problem have been disjointed and have concentrated on adaptations of off-
the-shelf technology and demonstrations at test sites. The present work is the
initial investment by the Strategic Environment Research and Development
Program (bbRDP) to address technology shortfalls in buried UXO detection and

discrimination. On-going and new SERDP efforts will continue the investment
in detection and discrimination and initiate study of UXO identification. UXO
identification (classification) is the final step in UXO sensing, and consists (a) 0

identific Y7 final step in U
determining the snec1fic type of ordnance that most likely p roduces a given
ordnance-like anomaly and ultimately (b) of confirming the presence of
explosives associated with buried ordnance-like objects. This report documents
initial efforts to develop procedures for data integration and interpretation of
multisensor (multimethod) datasets for UXO detection and discrimination.

Identification: Status

The status of capability for buried UXO detection, discrimination, and iden-
tification is summarized as follows: (@) can detect UXO, within ucjuluble limits,
M) cannot pﬁ"o/-tnwlv discriminate UXO anomalies from fnl\'ﬂ alarm”

anomalies; (c) cannot identify UXO. The deﬁnable lxmlts for item a refer to
comblnatlons of ordnance size and burial depth that result in geophysical
anomalies at the surface which can likely be detected relative to site-specific
background noise (geologic background and cultural clutter). “False alarm”
anomalies are caused by burled ordnance debris, otner metalllc OD_]CCIS gravel
and cobbies, soil neter 0gen ’e' ties, tree and other natura cultt
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The results of recent field demonstrations, such as the Jefferson Proving
Ground (JPG) Technology Demonstrations (USAEC 1994, 1995, 1996, 1997;

Altshuler et al. 1995), exhibit buried ordnance detection probabilities exceealng

90 percent by Phase III (as shown in Tables 1 and 2). However, even with

Chapter 1
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Chapter 1

Table 1

A Synopsis of JPG UXO TD Phase Il Results

(160 UXO Targets Buried for Phase Il)

A Synopsis of JPG UXO TD Phase lll Results

Ordnance No. False Alarms
Targets Detection “False Alarms” Per Ordnance

Demonstrator Reported Rate (%) Per Hectare Item Detection
Geophex 398 71 19.7 3.41
Geometrics 521 83 26.9 3.96
Parsons 602 85 32.5 4.68

Bristol 566 62 38.3 6.97

ADI (Combined) 598 65 34.5 9.35
Coleman 280 29 15.9 9.56
Scintrex 255 50 45.3 10.10
GeoPotentia 168 11 12.0 13.00
Geo-Centers 1,409 72 84.0 20.70

Vallon 1,903 57 225.9 68.00
Table 2

Artillery and Mortar Range (Scenario 2)

{117 Targets -- 67 Ordnance; 50 Nonordnance)

Ordnance No. False Alarms
Targets Detection “False Alarms” Per Ordnance
Demonstrator Reported Rate (%) Per Hectare Item Detection
NAEVA 202 97 19.0 1.37
Geophex 174 67 21.1 2.20
Geometrics 282 30 38.4 3.00
Ensco 279 70 43.6 4.34
Geo-Centers 486 93 80.7 6.10
ADI 456 85 76.8 6.32
Rockwell 151 21 27.1 9.07
GeoPotential 23 3 4.3 10.00
GRI 1,319 90 258.2 20.15

ordnance detection improving to acceptable rates, the number of false alarms is
unacceptably high, i.e., poor discrimination capability. For JPG Phase II, four
demonstrators had ordnance detection rates > 70 percent; the number of false
alarms for each ordnance item detected, however, ranged from 3.4 to 20.7 for
these demonstrators (Table 1). Although JPG Phase III was considerably easier
for ordnance detection than Phase II in that the ordnance items were consistently

shallower (Figure 1), it is notable that ordnance detection rates improved
considerably. Four demonstrators for JPG Phase III Scenario 2

introduction
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Chapter 1

(Table 2) had ordnance detection rates > 90 percent; but the numbers of false
alarms per ordnance item detected ranged from 1.4 to 20.2, still unacceptably
high although showing some improvement. The JPG and other field demonstra-
tions exhibit limited capability for ordnance identification or classification (item
c above). Even classification into broad oranance categorres such as bombs,

PR SE P mmrbnra  ta et walinhlc ol 1 bt FalAnd Antantinn
projectiles, and mortars, is not reliably possible with current fielded detection
systems. Capability for verification of explosive content in buried ordnance
does not exist.

11 -~ = P T =

Detection of UXO can be achieved with single or multiple geophysical
method (single- or multisensor) approaches. Single-sensor (total field magne-
tometers or electromagnetic induction systems) approaches have demonstrated
probabrlmes of ordnance detect1on > 75 percent however most demonstrators
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grated complementary, multlmethod approaches for a var1ety of subsurface
detection and mapping objectives. Complementary geophysical methods mea-
sure parameters affected by different physical properties of the subsurface.

Detection of UXO requ1res hrgh-quahty data collection efforts with special
attention to accurate positioning of measurements. The next requirements for

m nnnaict Af o nranadiira «pn'- calantinn oaf annamaliag and a Ann:nlnn

UldIdL UL 4 P ULl uu: 4UL dUILLLIVIL VU1 allvilialivd allud Cl uULvLvidiuvl
t ion. For multisensor datasets, the anomaly selection

Uii. 11SENSsor wmuv-u, sAG QARG SLALAAIVAL

riteria for 1. For

riterion may be a requirement for coincident anomalies on two (or more) com-
plementary datasets. The final requirement is to interpret the single- or
multisensor datasets for information about the target, e.g., map position,
estimated depth, and ferrous mass.

There is a genera1 consensus
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discrimination of UXO anomalies from fals

2
AL “
anomaly discrimination requires multisensor data acqu

........ y dis equire 1§
complementary geophysical methods or the use of emergmg geophysrcal
systems which measure much more information about anomalies in terms of
time variation effects, frequency variation effects, or spatial gradients of fields.
The emergmg geophysrcal systems can be described as multxchannel

mumrrequency, and/or mumcomponent indeed a multicor
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ep for UXO discrimination is multisensor data integration an nd mternretauon
(sometlmes called “data fusion”). A key requirement for successful multisensor
discrimination is the development of innovative discrimination algorithms. The
different approaches to and levels of sophistication of data integration and
interpretation are discussed in Chapter 2.
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1dentification or classification of UXQ anoimialies as Specific oranance types
requires the development of new and innovative geophysical technology. A
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possible approach may be the detection of characteristic acoustic or electromag-
netic resonance responses that allow identification; this approach will most
likely be applicable to localized interrogation of the subsurface beneath previ-
ously detected anomalies. More challenging will be the definitive verification
of exploswe content in the target. Explosive detection wiil require that the

nnnnnnn 2l ne pvtenmenli challa: A thot o canmans menhe o alaonad S

nravimity 0 2 nraviancl Aetartad tarcet idantifiad lLikaly TTYD H
Hl\li\lllllt] wwa PIUVIUUDIJ MMV VwiLVG tals\-t INIVILIVILAVG 1inv1 LW\ P AUL
sensor approaches for explosives detection include neutron activation, neutron

backscatter, or soil gas analyses. For convenience, the acronym UXO is often
used rather loosely in this report to refer to an ordnance item, whether inert or
truly an unexploded ordnance (UXO0). All of the ordnance items at test sites
referenced in Chapter 3 (“Data Sources for the Investigation”) are inert.

Scope of Report

Chanter 2 brieflv survevs the o
Chapter 2 brietly surveys the g

y hysical methods commonly utilized for
UXO detection and discrimination, discusses the fundamental ohvsw s and
phenomenology concepts, and surveys the approaches to multisensor integration
and interpretation. Sources of data for this investigation are described in
Chapter 3. Analysis methods for data management and detection enhancement

are discussed in Chapter 4, and a synopsis of current UXO detection capabiiity

Chapter 1
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2 Geophysical Methods and
Multisensor interpretation
Approaches

Geophysical Methods for UXO

Detection and Discrimination

For completeness, a brief overview follows of the geophysical methods, con-
cepts, and applications rationale for buried UXO detection and discrimination.
Currently, most live site UXO detection surveys utilize total field magnetlc

12 93 WA

and/or electromagneuc (EM
V] -

induction methods. Often the magnetic surveys

- ol
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include measurement of the total field vertical gradient. Demonstrations at fes?
sites have included ground penetrating radar surveys, various emerging electro-
magnetic induction systems, various emerging magnetic systems, and airborne

survevs Generallv, ground penetratmg radar (GPR) surveys for UXO detection
have been unsuccessful due to inappropriate site conditions (high EM
aftenuation and/or high background clutter) for application of radar,
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m1crograv1metr and acoustic/seismic systems.

Geophysical methods interrogate or probe the physical properties of subsur-

face materials and specifically detect the presence of contrasts in physicai prop-
erties of subsurface materials. The geophysical techniques are classified in

Figure 2 based on the nature of the “energy source” for the method and on the
nature of the physical phenomenon that is exploited. The poten tial fields meth-

0
ods, for examole are generall y passive and involve measurement of natural or
preexisting potential fields, e. g., the earth’s gravitational and magnetic fields.
Practical application of the potential fields methods detect anomalies in the
fields caused by “localized” contrasts in physical properties of subsurface mate-
rials (e.g., densny contrast for the gravity memoa) EM methods are both

alale ~L Prvs Fapigys PRy RN o~ inm arn an

TVvN ant Tun In
pplicable to UXO detection are active, in

PG B s ~
dLUVC ana pdbbl C, dlLIlUUgll meuiodas «
that an EM transmitter is part of the system.

Chapter 2 Geophysical Methods and Multisensor Interpretation Approaches



SEISMIC METHODS
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ELECTRICAL KESISTIVIEY
Active Methods immmel- | o ,ono0s

CVI VIC 1 T 1IerS

RADIOACTIVITY METHODS

GRAVITY METHODS
MAGNETIC METHODS
SELF POTENTIAL METHOD

MAGNETOTELLURIC METHOD

i

RADIOACTIVITY METHODS

POTENTIAL FIELDS METHODS

Ca uETUANS
M ME | AVUS

ELECTRICAL METHODS
SEISMIC METHODS
RADIOACTIVITY METHODS

Figure 2. Classifications of geophysical methods

Measurements during geophysical surveys are generally in basic units, e.g.,
distance, time, voltage, current, magnetic field strength, or meter units. The
process of converting measured quantmes to interpreted parameters, in terms of
a subsurface model an 1mage of the subsurtace or s surface map s of individual

understanding of fundamental conce > . it may be
possmle to pro duce surface anomalv maps dlrectlv after the measurement or
calculated parameters stages, it is not possible to achieve a rigorous multi-
method interpretation without fundamental phenomenological understanding of
the methods. A synopsis of the major geophysical methods, concepts (key prin-
ciple), measured quantltles the key physical parameters, and the interpreted
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parameters is shown in Figure 4. Finally, the tabulation below lists the
geophysical methods likely to be encountered in UXQ detection and discrimi-
nation efforts and gives abbreviations which will be used subsequently in this
report:

Geophysical Methods and Abbreviations

I. EMI - Electromagnetic Induction Methods

FDEM - Frequency domam EMI; quadrature and in-phase component mea-
surement; alllglc flcquulluy, multifrequency; IIIUILIUUIIIVUI'UIIt
TDEM - Time domain EMI; transient decay signatures; single-channel
{gate); muitichannei; muiticomponent
Il. Magnetic Methods
TFM - Total field magnetic
TFG - Total field vertical magnetic gradient
. GPR Ground Penetratlng Radar
V. Mlcrograwty Methods
V. Seismic or Acoustic Methods

Chapter 2 Geophysical Methods and Multisensor Interpretation Approaches



I MAGNETIC FIELD STRENGTH

MEASUREMENTS | | ?,l.s TANCES
TS RESISTANCES  ( VOLTAGES, CURRENTS )
SIMPLE RELATIONS A N l_METER UNITS
CORRELATIONS
INSTRUMENT FACTORS ‘ SPEEDS ( VELOCITIES)

o | RESISTIVITIES
CALCULATED PARAMETERS | —3 ACCELERATIONS

Mn DELING “ MAGNETIC FIELD STRENGTH
FORWARD o
INVERSE ‘
EMPIRICAL CORRELATIONS ‘
QUALITATIVE S
INTERPRETED PARAMETERS ~
DEPTHS "Model" of Subsurface
GEOMETRY
THICKNESSES /
DENSITIES | g/
SUSCEPTIBILITIES .
RESISTIVITIES
CONDUCTIVITIES
SEISMIC VELOCITIES
ELASTIC MODULII

Figure 3. Concept of geophysical measurements and their transformation to interpreted
parameters

Surveys including two or more of the methods discussed above are multi-
method or multisensor surveys or approaches to characterization of the sub-
surface. Characterization includes detection and discrimination as defined for

tha 3

UXO. The methods from the tabulation above (main categories) or from
Figure 4 are termed complementary methods, when the methods respond to

different key physical properties or sets of properties. In this sense, a survey
with magnetic and EMI methods would be a multlsensor, complementary
methods survey. However, a survey with FDEM and TDEM methods would be
multisensor but not a complementary methods survey (Butler 1986, Butler and
Fitterman 1986). Also, a survey with a multiaxis TDEM system is considered
muitisensor but does not constitute complementary measurements.

Chapter 2 Geophysical Methods and Multisensor Interpretation Approaches
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Classically or traditionally, geophysicists have achieved multisensor (multi-
method) data interpretation in an ad hoc, empirical manner, which relied exten-
sively o knowledge of pnenomenologles and experience. The data from each
survey method are lnwrprclcu munvruuduy and then in grated with each other
a sth 1

ilahl 1
ilable geological ground truth

al 1 1
e.g., Butler et al. 1996). Various types of analysis and data

ANV ML QR 2750, VRS Ly e aiX

lysis and data
management tools have been developed to aid the interpretation process. The
formal interpretation of a given dataset is known as geophys1ca1 inversion,
where an earth model is deduced directly from data. In its most rigorous form,
geophysical inversion produces a best-fit model to the data in a statistical sense.
Frequently geophysical inversion proceeds from the assumption of an initial

P S PRVt TR TR RPN R . PPy Al an el Af sl smandAnl nea adirigtad ¢~

modQei; n€ pnysical properues and dimensions of the model are adjusted to
chieve a best-fit to the data (Parker 1994, Meju 1994 Butl 1. 1982),

eretal. 1982). Itis
after the point of achieving an interpretation of the individual datasets that
integrated interpretation has tradmonally started. Procedures and capabilities
for achlevmg true, formal joint inversion of multisensor datasets are rapidly
emerging (e.g., Sandberg 1990, Dobroka et al. 1991, Lavely and Grimm 1997).
The followmg sections survey the approaches to multisensor data interpretation,

proceedmg from the emplr ical approacn to true _]011'1[ inversion.

Empirical interpretation procedures
fo

rc mnlementarv. multisensor datasets
The ad hoc, empirical approach to multisensor interpretation relies on con-
siderable knowledge of the phenomenologies of the geophysical methods and
experrence of the interpreter. (Jeophysmal survey programs are conducted with

specific objectives, e.g., groundwater expioration, cavity detection, UXO

detection, etc. The geophysical methods used for the programs are selected

with knowledge of the physical nature of the subsurface targets (e.g., saturated
ia, .

1y
s my air- or water- or clay-filled cavity, localized metallic, conductive
object), the xpected depth or depth range, the ntxcrpated target size and geom-
etry, and the nature of the geologic material above and/or surrounding the
target. Data from each survey method are interpreted using well-established
approaches (Telford Geldart and Sherlff 1990, Burger 1992 Headquarters
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velocny, electrlcal resrstmty, magnetlc susceptlblhty, and dlelecmc
permittivity of geologic materials (see for example, Sheriff 1991 and
Carmichael 1989, for definitions and discussions of these concepts).

_________ Llocs fn canmabhoaing 10 ¢4 intarneat onil and/Aar rAnl tuna an
A common problem in geophysics is to interpret soil and/or rock type and
i n for a given layer in a layered model of the subsurface. Seismic

v
ction and electrical resistivity survey resul comr iterpreted in

the form of a layered model. Using the emmncal tools discussed previously, a

qualitative nterpretatron of the soil and rock type and condition can be inferred

'~<
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from joint consideration of the seismic compression wave velocity and the elec-
trical resistivity. The basic concepts of quahtatlve geologic interpretation are
illustrated in Figure 5, although real geologic conditions may differ from the
indications in the figure.
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natural (caves, caverns, and fissures in karst areas). The cavities can be air-,
clay-, or water-filled, and tunnels can be lined and contain metal. Common
features on the weathered surface of limestones in karst areas are limestone

pmnaCIes and clay-filied gm(es (areas between two pinnacies or dissolution fea-

...... nem AL il Danmllica at al 1001 TEiniien £ nnnéning avarmnlag ~AF Aali
tures in top of rock; Franklin et al. 1981). Figure 6 contains examples of quali-
tative interpretation of localized anomalies in a karst region geophysical site
characterization (Butler 1983). An important concept of ge ophysrca, interpreta-

tions is that frequently there are ambiguities or uncertainties. Often the ambi-
guity may be 51gmficant1y reduced by  consideration of additional sources of
information. However, there will always be some degree of fundamental or
inherent ambiguity in geophysical interpretations, and only when direct investi-
gation of the subsurface is conducted, can ambiguity be totally removed (Butier

at al TO0L CQiwmasno nnm 1009 Cime Dar¢la nAd DA
cil dl. 1770, Olllullb auu DuLlCl 1774, Olllullb, DUUCI, ana rowers 1995)

Finally, Figure 7 illustrates the procedure for qualitative interpretation of
UXO—hke locallzed anomalies in geophysical survey results. As ‘with the pre-
vious example there is ambiguity in the interpretation of UXO-like anomalies.
Spatial properties of the anomalies (e.g., spatial wavelength) are used to esti-

mate depths and mfer geomemes and orlentatrons Wrth experrence the geo-

Analysis and data management tools for
multisensor data integration and interpretation
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reformatted as necessitated by software input requlrements. Modern graphics
software are invaluable for visualizing geophysical survey data over areas. Line
contour plots/maps shades of gray maps, full color maps, and shaded relief
maps greatly enhance capaumty ror detecting anomalies and data trenas
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themselves may deviate somewhat between sensor types. Many types of inte-
grated multisensor interpretation procedures work best or most efficiently with
co-located multisensor data. A common procedure for achieving spatially
co-located datasets is to fit the original datasets with individual “best-ﬂtting*
surfaces and then sampie the surfaces at regularly spaced grid pomls The

crihinnt AL et dAiwms o nxr e A anAna A~ 10 warArte nysraxg,

subject of gridding is beyond the scope of this report; however, it is important
to carefully consider the gridding procedure and its possible effects on trends
and anomalies in the datasets (e.g., Gallagher 1989, Scollar et al. 1990,

1€
MacLeod and Dobush 1990, Bhattacharyya 1969). Modern graphics software
can readily process large data volumes, fit the data with user-selectable surfaces
(inverse distance weighting, minimum curvature, kriging, polynomial
regression etc.), and produce a reguiar grid of “data” values from the surf‘ace

fits (e.g., Golden Software 1995, Geosoft 1996). In this manner, maps of the

runy racnlea
Urvey results for each sensor survey can
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ted processing and ir iterpretation. Often each sensor dataset may be individ-
ually processed in some way (e.g., background subtraction, image processing,
various kinds of filtering operations, etc.) prior to integrated processing and
interpretation. Some of the graphics software packages (e.g., Geosoft 1996)
have relational links between the different sensor datasets and allow direct tran-

sition to simple types of integrated multisensor dataset analyses.

[V]

Geographic information systems (GISs) are ideal tools for management of
mulmemor datasets and all additional site information (e.g onogranhv. vege-

1nformatlon are entered as separate map-planes in the GIS. Importantly, all of
the map-planes are georeferenced. Most GIS’s allow for mput of any type of
mtormatxon thh correspondmg posmon tags (locatlons) Also, most GIS’s

41 - 21 wac Alarisaco A in Py Py Ly ~ H nnm £34 2l

0 wltise ts e n;
ipabilities, so that one or more georeferenced man-nlanes can be querled to
produce derived map-planes. For example, a typlcal query relevant to UXO
detection and discrimination applications might include a derived map showing
all locations where a geophysical anomaly (e.g., magnetic or EMI) is coincident
in location with a mapped surtace metalllc object Another example of a typical
query is to proauce a derived map ving locati
U

nnnnnnnn agoanrhuoinal 13 vy
coincident geopiysical anomailes occur on two Or moreé map planes .g.,
coincident magnetic and EMI ano...ahes). Often a derived n np such as

nations of two or more map- planes (sum, difference, or more complicated rela-
tionship). A GIS may also have linked or embedded expert systems or neural
network classifiers (Burrough 1986, Millhouse et al. 1996).

A common approach to multisensor interpretation is the use of forward
modeling and comparison to measurements. For each geophysical method,
forward modeling depends on postulating a model of the subsurface and then
utilizing a physics-based empirical, analytical, or numerical approach for com-
puting the predicted response of the postulated model. The forward modeling

Chapter 2 Geophysical Methods and Multisensor Interpretation Approaches



can be manually or automatically iterated to achieve a fit or match of model
prediction to measured data (a process known as geophysical inversion). Often
the forward modeling software will compute a goodness of fit value (e.g., root-
mean-square (rms) error) to the measured data, and automated inversion seeks

Py Y.V IR ¥ PN 1AnA T

to minimize a goodness of fit measure (rarker 1994, Meju 1994, Butier et al.
0 Anls

—

Y
1007\ Tembnesmntdnd tmbnmemmntntdine Annetna serlense s¢hn FAasernswd smandnlisnma mvennndisen
1304). uucgldu:u llll. lplCldllUll OULLULd WIICIL UIT 1UI'wadllu HIUUCiig plutcuulc
includes infer-method iteration as well as infra-method iteration or constraints,

For the most common suite of geophysical methods used for UXO detection
surveys, TFM and TDEM, the following tabulation indicates some of the
parameters involved in models for analytical or numerical forward modeling or
as initial models for inverse modeling:

"Magnetic Model TDEM Model
qume_tl_’_y (e.g., sphere or prolate Ge_ome.tfy (e.g., sphere, cylinder or prolate
spheroid) spheroid
Length, Diameter Length, Diameter
Depth Depth
Inclination, Azimuth Inclination, Azimuth
Magnetic Permeability of UXO Electrical Conductivity of UXO
Magnetic Permeability of Soil/Rock Electrical Conductivity of Soil/Rock
Earth’s Magnetic Field Magnitude EM Transmitter Dipole Moment
Earth’s Fieid inclination and Deciination Receiver Time Gate (or Gates)

Many of these parameters are known for particular cases and will be fixed (con-
stant) for the forward modeling and manual iteration cycles. Geometrical
considerations for these two models are illustrated in Figure 8, where the geom-
etry for the magnetic and electromagnetic sources and for the UXO are shown.
As discussed previously, the magnetic method is passive, using the earth’s
magneuc field as the source, and the resulting, induced anomalous magnetlc

fieid (supenmpose n the inducing earth’s nf:m) is suuic. The EM mcuwua
are i a

surroundmg geologlc materials, the induced background responses from
surrounding geologic materials are much smaller than the superimposed,
anomalous responses from the UXO.

Tha manot A - y 3

The most common approach to integrated multisensor interpretation
involves feature and parameter extraction. Features or parameters are deter-
mined from analyses or inversions of measurements and then either used in

parameter cross plots or for sequential input to other analyses or inversions
(Bell and Barrow 1997). For example, if a localized anomaly is detected at
approximately the same apparent location with both TFM and TDEM surveys,
the feature causing the anomalies is both magnetically permeable and

Chapter 2 Geophysical Methods and Multisensor Interpretation Approaches
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electrically conductive relative to the surrounding geologic materials and is
potentially UXO. An integrated interpretation could consist of (a) determining
the depth to the conductive objective from analysis of TDEM measurements and
then (b) 1nputt1ng the depth as a fixed or constrained model parameter durmg
inversion of the magnetic data. The previous form of integrated mu:rprewuun

naon ha nAancidarad M 1 i
€an o€ COnSIacrea a 06QUei‘uiZ‘u inversion process or srmplh.ed jOH‘x{ inversion; a
proposed algorithm for accomplrchmﬂ sequential inversion of magnetic and

1 for a ng sequential
sented later in this report (including an example). A hypo-
thetical exampl of a parameter cross plot is shown in Figure 9 mterpreted
object mass versus interpreted object volume, from an analyses of coincident,
localized gravity and magnetic anomalies, respectively. In principle, a parame-
ter cross—plot could be used for both dlscrlmmatlon and ldentmcatlon kor

S/ QIIUVYALE ANeiiuiiiviataiuan

specific UXO. Another point in Figure 9, determined from inversion of 2rav1tv
and magnetic data, lies outside the region ‘of mass-volume space corresponding
to known UXO, allowmg discrimination of the buried object as non-UXO.
Examples of various types of parameter cross plots are discussed later in this

report.

Joint inversion is the most rigorous and self-consistent procedure for achiev-
ing truly integrated interpretation of multimethod geophysical datasets (Meju
1994, Laveley and Grim 1997). Rigor and self-consistency do not necessarily
1mply that Jomt inversion is the best or most efficient or most accurate approacn

TIYWVMN .I! S S - |

to mtegratea mterpretauon of multisensor datasets for UXO discrimination and
2 AAds

identification in all cases. However, the “best-fitting” model resulting from
joint inversion of complementary datasets, e.g., TFM and TDEM data, will
generally have considerably less ambiguity than single-method inversion or the

various forms of integrated interpretation (e.g., sequentral inversion) discussed
previously. The complementary methods interrogate or “illuminate” the target
in distinctly different manners. For UXO targets, intelligent estimates of
material property parameters and of the contrast between the UXO and

surroundmg materials are possu)le AlSO tne propemes OI I.DC EV11 source an
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inclination, and azrmuth) Jomt inversion considerably i 1mproves the resolutlon
and error of the model solution (Laveley and Grimm 1997), compared to single-
method inversion for the same number of model parameters. Joint inversion has
been attempted with varying degrees of success, for gravity and magneucs

seismic and electrical resistivity, seismic and GPR, and electrical resistivi

TDEM. Joint inversion of TFM and TDEM datasets is a well-posed inversion
problem; however, forward modeling capability for TDEM for realistic three-
dimensional (3-D) UXO geometries (e.g., prolate spheroid) does not currently
exist.
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published multisensor data, acquired over known ordnance targets Imt
investigation planned to make extenswe use of data from the JPG UXO

Technology Demonstrations; however, the actual sensor data was not provided
to the Government and the baseline ordnance item details were not released by

the Government until after the primary peri t execution ot this mvesugation
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ed. To remedy the
vailable multisenso datsets to sunnort UXO detection, discrlmmation and
1dent1ficat10n research, ordnance signature databases are actively being
developed by Department of Defense agencies (Army, Navy, Defense Advanced
Research Projects Agency (DARPA), and others), private industry, and

universities. The sections below review the availabie ordnance s1gnature
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datasets identified at the initiation ur this pchu and efforts undertaken as part
of the project to acquire well-controlled magnetic and acoustic ordnance
sjiognatures
signatures
~ . _ TAIF O I'\ ol e
pveveiopment

Early in this project, the requirement was established for geophysical signa-
ture datasets of known ordnance items to validate phenomenologrcal modelmg
developments. The main thrust of the work was measurement of high-accuracy,

high-resolution magnetic signatures of inert ordnance using a single, stationary

suppiememary thrust was measurement of acoustic signatures over ordnance, to
investigate persistent reports of the existence, diagnostic utility, and practical
utility of acoustic resonances from ordnance (e.g., Baum 1996). The test

Dayton, Oh10 Ordnance 1tem s in thﬁ measurement study were: 60-mm mortar
rounds, 81-mm mortar rounds, 90-mm artillery shells, 105-mm artillery shells
and 155-mm artillery shells.

Chapter 3 Data Sources for the investigation
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For the magnetic signature studies each ordnance item is placed in an ori-
entable holder made of wood with non-magnetic metal fasteners. The center of
the holder is orientable about a horizontal axis to allow positioning at any incli-
nation. The holder is mounted on a turntable that allows orientation at any azi-

,,,, . U R | Aasmn AL asemm e s

muthal angie relative to magnetic north. The site is a wooded area of campus; a

13 + Aat A th 1
prerim.nary magnetic survey determined the absence of magnetic anomalies.

is nlaced in the holder, ma g netic readmg S are taken alonz the track whrch 1'1

the magnetometer. This gives background profiles that show the field to be
very uniform.

ﬂ -
ot
.,
(¢]

a §
acquired with a proton precession magnetometer Three readmgs are averaged
at each position. A base station is established away from the zone of influence
of the ordnance and readings are taken there at least once an hour. These read-
ings are used to remove the effects of time-variation of the earth's field from the
measured data.

In the initial series of TFM measurements, the 90-mm artillery shell was
most extensively studied. For all of the items, the datasets include magnetic

LCTTA, adtrdase ae 1
profiles measured along a profile across their center, with measurements at 10-
cm spacing along the proﬁle. This was done at the followmg combinations of
inclination angle (relative to horizontal) and azimuthal angle (in degrees):

Inciination 0 Azimuth 0, 45, and 90
Inclination 30 Azimuth O, 45, and 90
Inclination 60 Azimuth 0 and 90
Inclination 90 Azimuth 0

For the 90-mm artillery shell, the dataset also includes these measurements

along north-south profiles offset by 40 cm and 80 cm from the center of the

shell. After base station corrections and alignment adjustments the resuiting

curves show smooth variation of the magnetlc fieid along each profiles. There
A

AAAAAAAAAAAAAAAAAAA cran Sdeo an homna ~AFf shhn smewnfilas e Ardnanna

are major differences in the magn iitude and shape of the profiles with ordnance

o*rentation, such as illustrated in Figure 10 for measurements over a 105-mm
artillery proj ctile. The TFM profiles are well-defined by the 10-cm measure-

ments spacing, and the smooth profile curves indicate high accuracy measure-
ments. Additional results of the ordnance magnetic signature measurements are
given in Appendix A.

A AE D o PR = nnS PR & 11 B2 P8 M NN ~
acteristic acoustic resonances that might allow ide muwtwu of various ordnance
types. The same ordnance items listed above are studied, with two types of

A ’
first vpe ar ig;nph@ng is placed near the
item and the outnut of the mlcronhone is input to a spectrum analyzer. The
ordnance are struck with a hard obJect and the resultmg sound spectrum
recorded. The 90-mm and 105-mm projectiles produce characteristic reso-
nances at 6.5 kHz and 5.8 kHz, respectively. However, the other three sizes

Chapter 3 Data Sources for the Investigation
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do not produce obvious resonances that are strong and consistent between sam-
ples and relatively independent of the location of the strike.

For the second type of measurement, an item is placed in a home-made
acoustic enclosure. A microphone is attached to the backside of the item and a
speaker one meter away is swept through a range of frequencies from 3 kHz to
10 kHz. Again, the strongest, most consistent resonances are at the same fre-
quencies as before for the 90 mm and 105 mm projectiles. Subsequently, the
items were covered to various depths in wet and dry sand; with the perhaps
intuitive result that the strength of the resonances progressively decrease as
more of the item was covered.

Impulsive measurements in a container filled with sand or water likewise
indicate that the resonance strengths progressively decrease as the items are
more deeply buried. Preliminary and tentative conclusions of the acoustic tests,
for the limited suite of ordnance tested, are that two ordnance types have
characteristic resonances, but the resonances are too damped on burial to pro-
vide a viable identification technique for buried ordnance. A subsequent report
will present the acoustic results in detail as well as all measured magnetic
signatures.

Naval Research Laboratory (NRL)
Ordnance Signature Library

The Multisensor Towed Array Detection System (MTADS) is the culmina-
tion of at least a decade of engineering development (McDonald and Robertson
1996). The MTADS has overcome many of the difficulties of multisensor inte-
gration on a towed platform. MTADS utilizes separate towed platforms to
acquire high-resolution passive magnetic (eight TFM sensors or four TFG
sensor sets) and active electromagnetic (three overlapping TDEM sensors) mea-
surements. A differential global positioning system (DGPS) is used for primary
navigation in the field. To support modeling and detection and discrimination
algorithm development, an ordnance signature library is being developed using
MTADS (Nelson, McDonald, and Robertson 1997, Barrow et al. 1997).

For development of the NRL ordnance signature library, MTADS sensors
are used to acquire TFM, TFG and TDEM (Geonics EM61) datasets over inert
ordnance placed on the surface, in a 1 m deep hole, and in a 7 m deep well.
Special jigs hold the ordnance items at predetermined depths and orientations.
Tables 3, 4 and 5 summarize the datasets from the signature library that were
available from NRL for use in the present investigation. As an example, TFM
and TDEM datasets from the NRL signature library for a 105 mm projectile
(depth = 0.49 m; inclination = 0; azimuth = 90) are shown in Figure 11. The
datasets in Figure 11 are shown as images, i.e., color-filled contour maps. The
NRL ordnance library is used for phenomenology modeling validation
(primarily TFM modeling) and for parameter cross-plotting investigations.

Chapter 3 Data Sources for the Investigation



Tabie 3
Ordnance Items, Depths and Orientations, for the TFM Data Sets,
NRL Ordnance Signatures Library
Item Depths Azimuth inclination
20 mm projectile Surface 0°, 90° 0°
30 mm projectile Surface 0°, 90° 0°
M42 grenade Surface, 15 cm 0°, 90° 0°
M46 submunition Surface, 15 cm 0°, 90° 0°
60 mm mortar 0.25, 0.5 m 45° steps 45° steps
81 mm mortar 0.5, 0.75, T m 45° steps 45° steps
105 mm projectiie 0.5, 0.75, 1 m 45° sieps 45° steps
5-in. rocket 1, 1.5 m 45° steps 45° steps
Talkla A
iapié 4
Ordnance ltems, Depths and QOrientations, for the TFG and EM61 Data Sets,
NRL Ordnance Signatures Library
Gradiometer Survey EMVi-81 Survey
_______ o3
F\llmulﬂ ana
Item Depths Azimuth Inclination | Depths Inclination
20 mm projectile | Surface 0°, 90° 0Q° Surface 0°, 90°
30 mm projectile | Suiface 0°, 80° o° Surface 0°, 80°
M42 grenade Surface, 15 cm 0°, 80° 0° Surface, 15 cm 0°, S0°
M46 submunition | Surface, 15 cm 0°, 90° 0° Surface, 15 cm 0°, 90°
60 mm mortar 0.25 m 45° steps | 45° steps 0.25, 0.5, 0.75, T m | 90° steps
81 mim mortar 0.5, 0.75 m 45° steps | 45° steps | 0.5, 0.75, 1 m 90° steps
105 mm projectile | 0.5, 0.75 m 45° steps | 45° steps | 0.5, 0.75,1, 1.25 m 90° steps
5-in. rocket Tm 45° steps | 45° steps 10.5, 1, 1.6 m 90° steps
155 mm projectile 1.5,2m 90° steps
NADDA
DARPA Background Clutter Program

In addition to the preceding ordnance signature libraries developed in well-

controlied, ‘laboratory—type semngs IWO aaamonal sources of well-
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at sites where buried UXO and landmines are typrcally found (George and
Altshuler 1997). Within the limited scope of the effort, a variety of geologic
settings was accommodated at four test sites at two geographic locations: Fort

A. P. Hili, Vrrgmla—two “wet, sand” 51tes rlrmg Pomt 20 (FP2") nd mng

Al A /DI T aet Moo ,‘1,\_..1 [ A
0 n s \FI'LL), FUrl L,dbe" L010raao—a Uly, bdllu 5llC, UIrKEy LI

Chapter 3 Data Sources for the Investigation



N

(o)}

lTable o

Mass and Dimensions of Ordnance items, NRL Ordnance Signatures
Library

item Length {cm) Diameter {cm) Mass {kg)
60-mm mortar 35.6 6.0 1.0
81-mm mortar 42 8.1 2.3
2.75-in. rocket 7 33 7.0 4.1
4.2-in. mortar 45 10.7 8.6
105-mm projectile 39 10.5 9.5
5-in. rocket 48 12.7 20
155-mm projectiie 62 15.5 25.4
Mk81 bomb (250 Ib) 23.0 56.7
8-in. projectile 78.7 20.3 73.9
Mk82 bomb (500 Ib) 156 28.0 113
Mk83 bomb (1000 Ib) 191.5 36.6 227

Site, and a “dry, clay” site, Seabee Site. Each test site was a standard 125 m X
100 m with a central 100-m X 100-m backgrounds area (Center Square) The
only emplaced objects in me L,emer Square were five sets of registration targets,

T~ A e alizeaing im v\ln&n anan

ad A
ate spacea 4 m

ach set consisting of a buried iron sphere and an aluminum pl
apart (an additional aluminum plate was placed on the surface midway between
the buried sphere and plate for infrared (IR) data collection). On two sides of

4

the sites, target sxdebars were established, containing a variety of buried inert
ordnance, inert landmines, and other objects. Inert ordnance targets consist of
60 mm and 81 mm mortars and 105 mm and 152 mm projectiles. The general
sne layout is shown in l~1gure 12 Details regardlng target locations in the
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Seven contractors obtained high-resolution multisensor data over the test
sites. Although data density over the sites varied from one sensor system to
another, typical data density is 10 to 20 cm along track, with 25- to 50-cm track
spacing. Data acquired by Geophex, Geometrics, and Parsons were prov1ded

e TN ATITY A a1e

directiy to WES and aiso to DARPA. All data acquired under the Backgrounds

i jailable on approx1mately 35 CD-ROM’s, th

nd Associates (George and A
oces

ssed data with the baseline target

-

1997). Although direct correlation of pr t
cannot be oresented this report (except for the Calibration Area), the datasets
are useful for illustrating target detection in general and for illustrations of data
management and of “image processing” to enhance anomalies. The following

tabulation briefly summarizes the types of sensor data collected at the test sites:

O
\]
~—
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Senscr/Methed | Contractor Details
Magnetometry Geometrics Six Geomstrics G-858 cesium vapo magnstomstars.
Mounted on cart; configured to give high-density
total field magnetic and horizontal and vertical mag-
netic gradient
Geophex Two-element Geometrics G-858 total field magne-
tometer system.
EMI Coleman Research Three-alement Geonics EM61 (TDEM) array (1-m
Corp Tx/Rx)
Parsons Engineering | Custom built, 0.5 m Tx and Rx, Geonics EM61
Science, Inc. (TDEM).
Prototype multichannel, multlcomponent EM61-3D,
with 1 m Tx and 3-orthogonal axis 0.5 m Rx (TDEM)
Science Applications | Array of eight overlapping Schiebei EMi coils (TDE
International f‘nrn
Geophex Prototype Multifrequency FDEM system, opsrated at
4,050 Hz and 12,270 Hz
GPR Coleman Research GPR array (2 Tx, 3 Rx). Frequency domain; 2 MHZ
Corp. stepped frequency over range 100 - 610 MHZ. Addi-
tional Tx-Rx with 10 MHZ stepped-frequency over
range 1,000 - 4,000 MHZ. Vehicle towed.
Geocenters, Inc. “Focused Array Radar” (4 Tx, 4 Rx). Frequency
domain, swept frequency over range 700-
1,300 MHZ.
Lawrence Livermore |Prototype GPR. Frequency domain over range 5 MHZ
National - 18 GHz, with up to 801 steps. Operated in
Laboratories monostatic, cross-polarized mode
IR Geo-Centers, inc. Forward-looking system.
Science Applications | Down-looking system.
International, Inc.

Datasets from MTADS Surveys at the Magnetic
Test Range, Twenty-nine Paims, California

Another well-controlled, “real world” multisensor dataset source is the
MTADS survey results at the Magnetic Test Range (N (MTR) at Twenty-nine

X DU m (about 8 acres) in size. Tabie 6 ilsts the ordnance, number Of it‘ms,
and associated burial depth range of the 70 ordnance items buried at the site
(from McDonald et al. 1997). Three complete surveys of the site are available:
TFM, TFG, TDEM. For the TFM survey, the sensors were set 0.25 m above

the surface, and data are acquired at approximately 0.06 m along track, with
0.25-m track spacing; while for the TFG survey, the sensors were reconfigured
with sensor pairs at 0.40 m and 0.95 m above the surface and 0.5-m track
spacing. The lower transmit/receive coils of the TDEM array (3 EM61's) were

n 1

0.40 m above the surface, and data are acquired approximately 0.15 m along

track, with 0.5-m track spauug

Chapter 3 Data Sources for the investigation
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Tabie 6

Crdnance Inventory at the Twenty-nine Palms Magnetic Test Range
{MTR)

Ordnance Number of items Range of Depths {mj
60-mm Mortar 10 0.15-0.46

81-mm Mortar 7 0.46-0.76

105-mm Projectile 10 0.46-1.10

155-mm Projectile 10 0.61-1.22

8-in. Projectile 10 1.83-2.74

Mk 81 Bomb 10 1.43-3.11

Mk 82 Bomb 10 1.22-4.42

Mk 117 Bomb 1 3.96

Mk 83 Bomb 1 5.09

Mk 84 Bomb 1 4.88
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The importance of data management and analysis tools is emphasized in
Chapter 2, and selected examples are presented here using data from the

DARPA sites. As mentioned previously, there are three approaches to meeting
the data management and analysis requirements for multiple (multisensor) data-
sets: (1) develop specxal purpose data acqu1smon management and analy31s

1NN

software for a specific system (e.g., McDonaid and Robertson 1996); (2) utilize

commercially available genera purpose graphics software that has some GIS-
type functionality, such as simultaneous display of two or more maps and data
linkages between the maps (e.g., Geosoft 1996); (3) use a full functioned GIS
for data display, mapping, relational links, and analyses.

QIC Nata M

GIS Data Management Examples

results and contractor sensor datasets, were input to the ARCVIEW ~ GIS (ESRI
100"\ L . TNNADDNDA 24n nhaennénnincntinm dntna anArien A smsine ¢ anyy huirial
1777). 1NC UAREA SIIC Clldlablel 14 1ion aata, abquucu pPlivul WU diily vullal
activities at the sites, included detailed mapping of topography, vegetation, and
surface features (e.g., rocks, animal burrows, metallic objects, fences, etc.), as

well as geonhvswal surveys, soil sampling, and soil classifications and
laboratory EM property measurements. The first example, Figure 14, is the
topographic map overlying the key site features map for the Turkey Creek Site,
Fort Carson. Clicking on a site feature brings up an information box describing
all detaiis of the feature. The “x’s” indicate surface site features, €.g., rocks or

cultural features, and the solid circles in Figure 14 are the locations of the

releasable buried targets. The display in Figure 14 is an important benchmark

map for correlation with all site characterization geophysical surveys and with
contractor geophysical sensor datasets. Topographic features, surface

vegetation and roots, rocks, and metallic cultural features can all produce
geophysical anomalies which may contribute to the false alarm rate, affecting
UXO detection and discrimination. Another example illustrates a

Chapter 4 Data Management and Analysis Methods for Detection Enhancement
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simple query of two site characterization maps ( TFM and EM31") for the Fir-
ing Point 20 Site, Fort A. P. Hill: The query computes an average value for the
geophysical measurements defining the TFM map and the EM31 (FDEM) map.
The query then produces a map, Figure 15, which indicates all areas where both

the TFM and EM31 measurements are greater than the average values. Two
linear features are defined in Figure 15, trending from southwest to northeast at
the top of the map. These linear features are prominent on many of the
subsequent TFM, TDEM, and FDEM datasets acquired at the sit ese

_____ aciit 11°1vl, LIk 1'1J71.1V1 Udiddstld quile C OLtL.  LLUOU

features were subsequently verified as caused by buried communications cables.
In general the coincident anomaly areas defined in Figure 15 indicate locations
where sensor datasets may be more complicated to interpret and are possible
sources of false alarms.

MTha ITC cmensridns o0 srancntila anvirnnmant fAar dignlay AF gangnr $imngaa

1HC Ul plU IUCd 4 VvOIdDALLIC CHNVIIVLIICIIL 1UL Ulbyldy ULl dO1dUL uiagey
For example, Figure 16 is an image or map of TDEM measurements \EM()l,
0.5 m Tx-Rx) for the urkev Creek Site at Fort Ca rson. Color values in the

value for the dataset. The map indicates localized, high-resolution anomalies
indicative of known buried metallic objects and some localized anomalies of
unknown orlgm (talse alarms) All five of the reglstratxon target sets are clearly
1nmcatea Itisa sxmple procedure to enlarge sel €1 I
13 a
<

Antanilad avamsinatinm annmaling Tha anlara av nla 1o P

detailed examination of anomalies. Thee 11415 example in igure 6 includes

two sets of the registration targets, with the anomalies identified with the actual
buried objects for one of the sets. The aluminum plate and iron sphere of the

registration target sets are spatially separated by 4 m (center to center); the
anomalies caused by the targets are well resolved. There are several small
magnitude anomalies that could be due to unknown buried metallic objects (note
the small spatial extent anomalies just to the right of the lower right registration

e A

targets in the enlarged view).

Another useful tool with the GIS is the capability of easily performing data
transformations on one or more map layers. The b ackground noise and clutter
in Figure 16 is evident and was discussed in the preceding paragraph. A useful
technique for suppressing background and clutter is setting a display threshold.
Figure 17 is a map of all values in Figure 16 that exceed the mean plus one
standard deviation (displayed in red). In the central area, the background and
clutter contributing to potentiai faise alarms is virtually eliminated.

L] § Fl L]
Image Processing of Multisensor
.

Data for Detection Enhancement

A commercially available graphics software package that has some GIS
functionality, including simultaneous display of multiple co-registered data
maps and some relational links between maps, is OASIS montaj (Geosoft
! The EM31 is a single frequency (9.6 kHz; Tx-Rx spacing = 3.7 m) EMI system manufactured

ot

by Geonics, Inc., Mississauga, Ontario, Canada.

Chapter 4 Data Management and Analysis Methods for Detection Enhancement
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1996). Figure 18 is an example of a side-by-side presentation of TFM analytic
signal (see Chapter 5 for a definition of the magnetic analytic signal) and TDEM
(EM61) image maps for the Firing Point 20 Site, Fort A. P. Hill. The images
are a shade of gray version of maps originaliy in color; a single and different
coior for each 1mage with color intensity mcreasmg as data magnitude

il h images; although some

c analytic signal repre-

sentation. Both of these maps can be treated as images, with pixel size defined
by the basic gridding and data acquisition spacings. The 0r1g1na1 color images
were combined to form a color-merged composite or false color image. Flg—
ure 19 is the shade of gray version of the color composne 1mage where increas-

mg brlghtness (1 €., black to whlte) mdlcates 1ncreasmg 1nten51ty ot both

nena o A 2 Anen A nlestdne
lllblCdSCb. JJICIC D LU lUCldblC du tc
. \ .

posite image is a Larget or feature with both high magneti analytic signal mag-
nitude and high EM61 magnitude. Many of the potential false alarm targets in
the two original images are suppr sed, many localized anomalies representing

potential targets of interest a v1dent and enhanced, and several linear clutter

features are well-defined.
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5 Synopsis and Examples of
Current UXO Detection
Analyses Capability

While there is predommantly only rudi imentary, empirical multlsensor

(m tlmethocl) lntegratlon in fielded UXO detection systems, detection an
N ~ ak? cing P Ataall

depth interpretation capability from single-method datasets is actually qmte
good, particularly for fielded TFM and TDEM systems. The primary
nrnhlem as disct qqer_i earlier, is that there is not a signif 1ca 1t discrimination

anomaly “selection capablhty, many of the mterpretatlon approaches require
manual (interpreter) anomaly picking or selection (often consisting of “boxing-
in” the anomaly). Interpretation of a selected TFM or TDEM anomaly
proceeds by applying an empmcal or analync al m

istics. \,ur“r‘iy, model based

TFM anomaly mterpretatlon, the posmon and depth coordinates and dipole
magnetic moment (magnitude and orientation) of a best-fitting magnetic dipole
are determined. The best-fitting simple dipole magnetic moment magnitude
gives an equivaient sphere size (radius and ferrous mass; e.g., Pennelia 1982),

which correlates io ordnance diameter (Barrow et al. 1997).

Since the field of a simple magnetic dipole is equivalent to the field of a

NEEIVY WAV SEVER MR m mEessrT SESEOEETEET T s T
uniformly magnetized sphere, the earth’s field- induced magnetization for this
model (in the absence of remnant magnetization) will be in the direction of the
earth’s field. However, the simple dipole model fit to measured data over
UXO are frequently not in the direction of the earth’s field, because ordnance

items are not umtormly magnetlzed spheres The I’ICCtS of the elongatea
< M 2ea ol a
: S it :

TIWMN SO TR RSP NY. J N an a 241 A faens céaAiaAd Lo
snape or UAU on induced magnetic moments in the e rth’s field are studied by
McFee and Das (1990) and Altshuler (1996) using a prolate spheroid model
Barrow et al. (1997) investigate the ambiguities resulting from variations in
best-fitting simple dipoles due solely to changes in orientation of the UXO.

Barrow et al. also investi gate the capabnllty of the prolate spheroid model to
replicate the variation in best-fitting dipole (magnitude and orientation) as a

Chapter 5 Synopsis and Examples of Current UXO Detection Analyses Capability
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function of size and orientation of the UXO. The prolate spheroid model

predictions of the variation differ only in small details, likely resulting from

slight symmetry breaking along the long axis of real ordnance. Application of

the simple magnetic dipoie model to interpretation of TFM anomalies achieves

good performance for aetermmmg position and depth, with typical errors of
ad tn datarmina tha giza lanath and

CU LU UCLLL LG ULV DI \l\«lléul aiiu

t al. 1997) uniquely or accurately.

Similarly for the TDEM analysis, a spherical model is often used to estimate
depth and size (Barrow et al. 1997). For the EM61 TDEM system, a simple
algebraic formula allows depth estimates based on the ratio of an upper to a

lower receiver conl SIgnals (Hollyer Racw and Butler 199 7). lne simple

a
(7]
o
(]
-
a
Ei
<
CL.
a
—
Hb
Hl

¢! ) the ordnance length in depth for TFM or (2) one to two times the effective
transmitter radius for TDEM. A great advantage to the simple model
interpretations is computational speed; the interpretations can be accomplished
in near-real time. Two exampies that iliustrate current capabiiities and a

amsemd mde enn aaazlal e tab i cnntine Al nlilien na smmaont ~xr

Prototype muitlseIsor mu:glauuu aigouiiuli aic pleClllCU UCIUW

Fits to Twentynine
Palms MTADS Datasets

As discussed previously, discrimination capability for reduction of false
alarms is key to reducing UXO cleanup time and cost. Accurate burial depth

estimates for UXO are also extremely important for UXO remediation/cleanup
time and cost estimates and for safety considerations during excavation of UXO
items. Based on considerable experience at test sites and at live sites, i.e.,
predictions based on interpretations of geophysical anomalies compared to
actual excavation details of the features producing the anomalies, there is an

understanding of the accuracy and reliability of simple model predictions. Sim-
ple magnetic dipole model fits of ordnance depth and size to TFM data are typi-
cally good to + 10 to 15 percent for location, + 20 percent for depth, and

+ 25 percent for size (e.g., Bell 1997).

The results of the MTADS surveys at Twentynine Palms successfully demon-
strated detection capability in a real world setting, with probabilities of
detection (for a ]omt or “fused” analyszs) ranging from 73 percent for 0.5-m

,,,,,, et £ N USRI S DI IS | cxilansen o Andbnndinse Az zeen
criticai radius to 94 percent 1or 2.0-m critical radius, where a detection occurs
when a declared ordnance location is within the specified critical radius of a2
true ordnance ecauep Tb.e false alarm ratio metr ir‘ (r nm.ber of false ﬂlﬂrrm

TDEM anomahe 3 0 for a Jomt analysxs Joint analysis of the three
MTADS datasets consisted of visual correlation, with selection and deselection
based on anomaly coincidence, type, and predicted size and depth
considerations. The joint analysis resulted in three additional valid ordnance

Chapter 5 Synopsis and Examples of Current UXO Detection Analyses Capability



target detections (for a 2-m critical radius), raising the probability of detection
to 94 percent but significantly increasing the number of false alarms. The joint
analysis results here are consistent with the experience at JPG. Joint analysis as
currently practiced desirably increases the probabilities of detection but also
undesirably increases the number of faise alarms.

Due to the wide and realistic depth range of ordnance at the Twentynine
Palms site, interpreted or fitted depths provide a good assessment of depth

true depth for some of the ordnance items detected by each of the three MTADS
sensor suites are shown in Figure 20. The fitted depths in Figure 20 generally
cluster about the dashed, “perfect-ﬁt” line. There are a few outliers in the
M-61 ) nttea aepms aevrate

radlus), the mean of the fit sizes correlates well with the true size. However,
the spread of TDEM fit sizes varies by factors of typically 2 to 3 for a given
true ordnance size. The spread in computed depths and sizes can be pamally

I N ISP SRS iy

explalned Dy the l'aCI that me srmple spnerlcal model cannot account for varia-

nnnnnnnn Anance o shich can h
tions in ordnance or rcuLauuu, wiiiCii Cail nave Sig iificant effect on TDEM

anomaly signature.

i ) | B -7 Ny

Simpie Model Fits to iVMiagnetic
Data from DARPA Site

A small window (5 m X 50 m) of TFM data from the DARPA Seabee Site,
Fort Carson Colorado, is shown in Figure 22. The Fort Carson sites are
“quiet” magnetlcally, so that anomalies from shallow, buried, ferrous objects
are pronounced. In Figure 22, five prominent TFM anomalies are indicated

(enclosed) by boxes A commercially available inversion program, MagAID,

measured data and model nredlcuons The proaram uses a modlﬁed gradxent
search technique through the parameter space (Marquardt 1963; DeProspo and
DiMarco 1996). Applymg the MagAID analysis procedure to the five selected
anomalies in Figure 22 results in the interpreted parameters in Table 7.
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(@) Target Analysis of Twentynine Palms MTR EM Survey

Caliber
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L 3
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(b) Target Analysis of Twentynine Palms MTR EM Survey
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Figure 21. Correlation of fitted size from analyses of the Twentynine Palms TDEM data as a function of

(a) caliber (top) and (b) equivalent sphere radius (botiom)
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Tahla 7
1auve s
Interpretation of TFM Anomalies, Seabee Site, Fort Carson
Interpreted Interpreted Interpreted Interpreted Fit
CObject | Object Location Object Location Object Object Size, Quality
No. -X, m --Y, Depth, m mm' (<1.0)
8 122.1 53.8 0.80 112 0.77
7 122.7 73.9 0.77 127 0.92
8 122.1 80.0 0.43 80 0.99
9 122.8 87.8 0.83 110 0.84
10 123.2 96.4 1.29 120 0.88
' The Object Size is the probable ordnance diameter, assuming the object causing the
anomaly is ordnance. Optionally the Object Size can be output as the radius of a dipole
equivalent sphere.
twenty interpretations that correspond to known objects gives insight to the
inversion capabilities of the program:
Average Location Error -- 0.3 m
Average Depth Error (percent of actual) -- 45 percent
Average Size Error (percent of actual) -- 14 percent
L~ asrnenrms lAannéinm ammne 10 amnmenvimendalir tha camma ao tha avaraga maoaagnra
1T dVCI4EL 10LdALIVIL CI10L 1S dPPILUAILLLIdICLy UIC IIIC ad UIC aviiage licasuic-
ment spacing; the measurement grid is approximately 10 to 20 cm along lines
apd 25 to SO cm between lines. The large average depth error of the

depths of burled objects at the DARPA sites are small. There is a strong
correlation of computed depths with actual depths.

Conclusions from the error results for the M wentynine Palms sur-
veys and the error results listed above for the DARPA TFM target fits are con-
sistent with the extensive results from the recently reported MTADS surveys at
the Badlands Bombing Range (McDonald et al. 1997). A large number of tar-

mterpretatlon. The average error of target locations (mterpreted versus dug
target location) was 12 cm, and 95 percent of all targets were located within
29 cm. The predicted versus actual target depths for all dug targets are strongly
correlat d but show cons1c|erab1e varlauon pamcularly for shallow targets.
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The examples of multisensor data integration discussed to this point are
predominantly empirical involving side-by-side visualization of datasets and
selection of spatially coincident anomalies on two or more datasets, e.g., the

MTADS examples and the example in rig ire 18. An intermediat stage of
multisensor data integration, between the visual correlation procedure and true
Jgim 1nver<i n Of _ul_tiplc datasets, is t invgrt one dataset using Qelec ed results

Chapter 2.
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97), as in the exampl

magmtude of the analytic 31gnal equal to the square root of the sum of the
squares of the three spatial gradients of the TFM (Roest, Verhoef, and
Pilkington 1992), is determined from the TFM data by first applying a
convolutional filter to the gridded TFM data to obtain the horizontal gradients

and then a tast rourler transrorm or a discrete Hiibert transform usuuer 199))
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by the al gorithm will be related to ferrous objects, for which the depths are
computed by analyses of the TDEM anomaly characteristics (Hollyer, Racic,
and Butler 1997).

Tortnmaratad danth 7 i
Interpreted depth (to center of the ferrous object, Zo) from the TDEM
analysis is used as a fixed parameter (constraint) in the inversion of the

ma netic analytic sign:
constrain the magnetic inversion is that the fewer the number of “free”
parameters in an inversion, the faster the inversion will converge and the more
“unique” the inversion result (model) will be. Alternatively, the prototype
algorithm can be modiﬁed to obtain the horizontal location (Xo Yo) as well as

analytic signal inversion. Finally, mvcumg the magnetic analytic signal gives
the magnetic moment, which can be correlated to the ferrous mass of the object
causing the anomaly. The ferrous mass is then correlated to ferrous masses of
known ordnance items to produce a likely UXO type classification (e.g.,

Pennella 1982). This prototype algorithm (Fi 1gure 23) can be implemented with
minimal effort in existing data analysis and visualization software packages
(e.g., Geosoft 1996).

chapter Varlations in this proposed approach to joint interpretation are
obvious. For example, constraints resulting from interpretation of TFM data

Chapter 5 Synopsis and Examples of Current UXO Detection Analyses Capability



can be applied to inversion of the TDEM data to a final model. Also, the
procedure can be iterated to minimize an overall goodness of fit criteria to the
measured data, closely approaching a true joint inversion.

Chapter 5 Synopsis and Examples of Current UXO Detection Analyses Capability
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The value and role of geophysical signature modeling capabilities are dis-
cussed in Chapter 2. A major effort of this study was development of analytical

modeling capability for geometries that more closely approximates ordnance
than the sphere Prlmary weaknesses of the spherical model of ordnance is that
the spherical symmetry gives no orientation dependence of the ordnance relative

o the inducing field. Also, for magnetxc 81gnature moaelmg, the ordnance is
a*'su ned to be a sol d ferrous sphere, with the size determined from the ferrous
mass and the density of iron or steel, and the sphere cannot reflect demag-
netizatiou effects associated with the elongated ordnance geometry. While the
geomy of ordnance could be modeled nearly exactly with finite element or

other dlSCI‘CtlZed numerical modellng approaches, the computatlonal time and
the parameters of the model may not be conducive to inverse modeling. Dis-
cretlzed numerlcal modeling is valuable for studymg phenomenolog1cal effects

e adapted ultimately for automated inverse modeling. Simple
a
L4

nr\r\rnvi anNroe "\
approximate ordnance shapes than the sphere are
r

1
te spheroid and circular cylinders. Both full-field analyt tical and

the nrola
the prolate sp and u s. Both analytical and
multipole expansion solutions for the induced magneuc field of a prolate spher-

oid (or oblate spheroid) exist; this geometry is explonted in the current TFM
modeling capabxlxty development TDEM modeling for geometries other than
the sphere is difficult and is not developed to the same extent as TFM modeling
capability.

Magnetic Modeling Program

Background
Altshuler (1996) reviews the deficiencies of a spherical model for ordnance
and evaluates a prolate spheroid model. A key conclusion of Altshuler from
studies of solid versus spherical shell and spheroidal shell models is that it is
the outer ferrous volume of the ordnance that is critical to the magnetic
signature, not the ferrous mass. The prolate spheroid model is a realistic

Chapter 6 Development of Phenomenological Modeling Capability



representation of the general shape of ordnance and also has the elongated
geometry of ordnance that can replicate demagnetization and orientation effects.
A prolate spheroid with the length and diameter of an ordnance item is a good
approxxmatlon to the outer lerrous volume ot the ordnance lhe 1nduced mag-

(OLration 1541, AISOUIET 1550) Or 4 ululupunc €Xpansion uvilree an Das
1990). In the multipole expansio.., there is no monopole term, and the quadra-
pole term is zero due to symme . Thus, an octapole term is the next huzher

no practical reason to mclude anythmg higher than the octapole term. Altshuler
(1996) compares the dipole field (for a spheroid model) with the full field
solution and concludes that for measurement distances greater than about two

Semlma_]or axes (me lengm ) from the center of volume of the spnerom the
i within 1N narnant Af tha fiill fiald madal nre

are prlmarlly (a) reduced computatlonal tlme and (b) ablllty to separate the
prolate spheroid dipole term for comparison with the dipole solution for a
sphere; with the primary disadvantage being a possible minor lack of accuracy
for very close distances of the model to the signature caiculation plane.

The U.S. Army Engineer Waterways Experiment Station (WES)
mplementation of a multipole expansion magnetic field solution for a spheroid
del follows the outline of McFee and Da (1990). Geometry for the

magnetlc modeling problem is illustrated in Figure 8. There are two obvious

coordinate systems for the spheroid model, a body-centered system (x;,X,,X,),

with the x, axis along the long symmetry axis of the spheroid and a space-
centered system(x1 ,X, ,X; ), in which the spheroid center is at (X,, Y,.Z,) as

shown in Figure 8. Assuming uniform, paraliel magnetization M of the
spheroid, the multipole expansion of the secondary induced magnetic induction
at a peint r in free space is

b = b® + b®, ¢))

where b@ is the dipole field component and b® is the octapole field component.
The dipole field component is given by

b® = [p/ @ne)} { - m® + 3D m®)r}, )

where p, is the magnetic permeability of free space, r = | r | , and m® is the
dipole moment. The expression for the octapole field b® is more complicated,

involving a rank three octapole moment tensor. The dipole moment is related
to the magnetlzation by

m® =MV, ©
where V = (4/3)mea® is the volume of a spheroid, e = L/ (2a) is a shape factor
for the spheroid, L is the length of the spheroid, and 2a is the spheroid dia-
meter orthogonal to the symmetry axis. Th1s formulation is also valid for a

ph re, wheree = 1 (i.e., L = 2a and a is the radius of the sphere) and

(4/3)na is the volume of a sphere. Also, for the sphere, in the absence
of permanent magnetization, M will always be in the direction of the inducing
earth’s field and the octapole field component b® is zero.

Chapter 6 Development of Phenomenological Modeling Capability
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For the spheroid, the induced field will not always be in the direction of the
earth’s inducing field even in the absence of permanent magnetization. Resolv-
ing the earth’s field b, into components along the body-centered coordinate
system (bg,;,be,,bes), the magnetization in the spheroid can be expressed (Stratton
1941, McFee and Das 1990)

M lu ) F+b (4)

=/ po) F by, A4
where the diagonal components F, , I = 1,2.3, of the demagnetization tensor F
(the tensor is diagonalized in the body-centered coordinate system) are called
the demagnetization factors. Furthermore, for the spheroid, F, = F, .
demagnetization factors are functions of the shape factor e and the relative mag-
netic permeaoumes of me spnerom materiai ( Pt = p.1 / #o ) ana me surrounamg

F
S nguished, the prolate spheroid
thh e > 1 (the case used to odel UXO), and the oblat spheroid withe < 1
(which might be used to model a ferrous metallic mine). The modeling program
checks for the value of e and uses the appropriate expressions for F; . Also, the
program allows for calculation of b (Equation 1) or just the dipole field
component b®,

=1,
cases can be disti

L AL opAed VAU, Vv Ldy

E

Finally, the calculated components in the body-centered coordinate system
are rotated into the space or earth-referenced coordinate system
B=A-b, ®)

where A is the Euler rotation tensor (e.g., Arfken 1985). The space coordinate
system employed for the solution (and the computer program) is a right-handed

system with X positive to the north, Y positive to the west, and Z positive up-
ward. For a buried ordnance item mouel, the dep.'h to the center of the sp'zer=

deﬁned as the angle between a vemcal plane through the spherozd and the
positive X-axis (north), with counterclockwise angles positive. This modeling
convention contrasts to the customary definitions of inclination and azimuth
used for the validation and phenomenology studies: inclination (I) positive down
from horizontal; azimuth (4) positive counterciockwise from norih.

The nrooram 1] ws calct
s calc

LAV PIUGSLGIIL QRIIU VY (13

dary field B (Equation 5), the magni

o
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&
o
g
Q
E
=R
o
oy
=
I
+
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E’r
o

by vector magnetometers, and the magmtude of the total magnetic field
anomaly, i.e., the value measured by total field magnetometers |B,| minus the
ambient Earth’s field,

t ' ] —_ 2 2 1)
ABpr= | B+By|-By = B +B+2ByB)" -B, ©6)
where the A indicates an anomalv value. The octanole comnonent contribution

naica QRV222a2) 2L LIt LU

es ar np u
to the preceding values calculated by the magnetic modeling program can be
“switched off” for plotting just the dlpole contribution.
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Program description and input/output

The magnetic modeling program is implemented in the MATLAB?® (regis-
tered Trademark of The MathWorks, Inc., Natick, MA) programming envi-
ronment to take advantage of the built-in graphics capabumes durmg the

development and validation phases of the capability. The program is initiated
by executing the script magmod. A graphical user’s interface (GUI) simplifies
and expedites input, model execution, and specification of graphical output for-
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Main screen. The first screen is the main or master screen that has several
“push buttons” for accomplishing the following:

Push Button Description

Edit Input Parameters Enters the second screen, for data input specifications

Run Model Executes the model calculations, with the current input parameters
and plot specifications

Edit Plot Instructions Enters the third screen to specify
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orientation, number of Pi101s, y’p

tput plot format, including page
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Piot Resuits Reproduces the specified graphicai output on the computer screen

Hard Copy Produces a hard copy of the output on the specified printer/plotter
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des1red nrmter or nlotter The comparison data file could be TFM roﬁle mea-
surements acquired over known or unknown anomaly targets with the same
distance scale as the calculated profile values. The comparison data profile can
be superimposed on the calculated profile; this is a useful feature for program
validation or for iterative forward modeliing.

1 Ak
of fill-ir bo es that can be freely edited. To the right side of each fill-in box i
a descri of the parameter to be entered. Initially there is a check box to
indicate memc units (or English units if unchecked). The following tabulation

gives the parameter list in the order of appearance on the screen:

"D

Input Parameter Description
Minimum X- (north) value of grid in m or ft
Maxi wwm X- (north) value of grid nmor ft

Maximum Y- (west) value of grld in m or ft
Height of instrument (sensor) above ground

inmor ft
Earth’s magnetic field in nanoTeslas (nT)
Inclination of earth’s field in degrees
X mnt Mttt Ffila name
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o

Diameter of body in m or in.
Relative magnetic permeability of body
Angle of body symmetry axis relative to Z-axis

in degrees
Angle of body vertical piane relative to X in
degrees, positive counterclockwise (CCW)

X-coordinate (Y ) of bodv center in

LaTwUVvia Vi UMy wvaa

or

Y-coordinate ( Yn) of body center in m or

Z-component (Z(_,) of body center in m
(negative for buried objects)

sarmima s ten AR GER s AT IANER Em e fozec 2am melze oy

number of ponralt and landscape plot orientation options. The File N ame fill-

in box is used to specify the output file name (same as specified on the param-

eter input screen); this box is filled in by defauit with the most recently

compieted model caiculation resuit but may be edited to pio a
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these are indicated beneath the headi . the
six boxes brings up a list of data types which can be plotted, and h12h11,qht1 nga
parameter selects it for plotting. The data types which can be plotted are:

Data Type Plot Type Cross Values
A ¥ SRR . RPIRPI ERRPE. S ..y [ |
-- A-COmMponent O1 toldl magnetic 1icia
-- Y-component of total magnetic field
-- Z-component of total magnetic field

-- Magnitude of the secondary field
-- Total field anomaly

-- Vector representation of horizontal components
-- Representation of spheroidal body

-- Surface of spheroidai body

-- Listing of major parameters

For the data types, except the last three options in the above list, 1
brings up a click box under the heading Plot Type

Clicking a Plot Type box opposite a selected Data Type brings up a list of

options for how to plot the data. Various types of plots are possible: 3-D
surface representatrons contour plots; protrle plots (projections). Three-
armensronar surface plO[S are represemauons of the value of a calculated

int: i OV +h

er
hade of gray chndpd

SiiGuv Vi gidy, OGNy

drmensronal (2-D) can be hade of gray, have color contour lmes or color-
filled contours. An effectrve display option is to have a 3-D representation plot
vertically offset from its 2-D contour plot counterpart. The projection or
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profile plot option is a familiar way of visualizing the detailed variation and
shape of the anomaly signature along a surface line parallel to the X-axis (north-
south) or parallel to the Y-axis (east-west). From one to four profile or pro-
jection lines can be plotted on the same graph. When the pI‘O_]CCtlon plot type
optron is selected, a box opens under Cross Valu t spec1ty tne desired loca-

_____ P ....-R’I- 1S5 s Tl Avrnsmamla 1041

IlOIl& OI [HC Promuce 1mes. ror €xdipic, i u (S
Pawnllgl ta Y_Avic” iq cnlnnfﬂd fkr e

Values box mdm;mnc Y-values wher

procedure, for the above example, is to hav the enter of the snherord beneath

the point (0,0) and to have one proﬁle cross at Y = 0 and the remaining two

profiles cross at Y = -1 mand Y = 1 m. This procedure gives a central profile

that generally indicates the maximum signature magnitudes and the spatial

wavelengtn of the signature, and then indicates changes in signature
al nnseciAn
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P IR DL S PR Ma;e dla smaen 2T ny 2l csr sendlmann wntine ~AF alnma sennl-
cnaracteristics 1ateraily,; tn€ proii€s ailow ratiomnai Consia eration of along-track
and cross-track measurement spacings required to capture the relevant charac-
teristics of the signature for the specific case

Example. A specific example illustrates most of the input and output fea-
tures discussed above. Results of a model validation comparison to measure-
ment data from the NRL ordnance signature library is shown in Figure 25. The

comparison is for a lUb-mm amllery prOJectue orientea norizonta Ily and

— ™

pointing north. Tt
Tuyna and Dlat Tun,
lyll\f aliu 1 1uL 1
right displa
display isa north south profile TMF anomaly plot (parallel to the north-south
axis and crossing the east-west axis at 0) showing model calculation (solid line)
and superimposed measurement results (+); (d) the lower right display isa
nsting of the program input parameters. Also inciuded in the lower lel‘[ plot isa

‘<

PR [P . A_.- 4 en AL

an avwia neAacaime syaliia ~
wgcnu mspldy € pro1ii€ axis-Crossing vaiuc, uic maximum and minimum
TFM values along the profile, and the profile distance between maximum and

minimum values

3aaiiiiiialedis VRIWWS.

Magnetic modeling program validation

Validation of the WES magnetic modeling program addresses two consider-

ations, reality checks and correlation or comparison with well-contro ‘ed

AT QI AtIITg AN OIITOAT e

llldgllt:ub blglldlulc lllCdbUrClllClllb
a. Reality checks.

(1) For given input parameters, the calculated anomaly signature must
become smaller in magnitude and broader in spatial extent as the
depth of the spheroid is increased.

(2) For a spheroid model, identical resuits should be obtained for

indistinguishable cases with different input parameter values

(3) Calculations for pairs of indistinguishable inclinations, e.g., 0 and
180 deg or 90 and 270 deg, must be identical.

(4) Calculations for pairs of indistinguishable azimuths, e.g., 45 and

225 deg, must be indistinguishable.
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(5) For a prolate spheroid model, the calculations must show changes as
the object is rotated (i.e., the inclination and/or azimuth changes)
relative to the Earth’s ﬁeld orientation, reflecting demagnetization
effects due to the elongated geometry

L7\ R h g ~N_ P 1 .

(0) ror € simpi€ case 01' a spnere (l C.,.L=440r€C = 1), NIC
nalanlatad magnat 1 . 3 H
calculatea magnetiC anomary should have a simple dlpolar shape and
should not vary as the input angles are varied

b. Correlation with well-controlled magnetic signature measurements.

An example of this type of validation is given in Figure 25, where
the calculated srgnature for a spneroxdal model of a 105-mm prolectue

A nvans soarss slAacalss stk meoaciirad clonatizen AIIAT AT ANE aanenn
dgrcm ery closely with measured signature data over an inert 105-mm
projectile. This type of detailed profile comparison was conducted for
plll’pcrgl s cases from the NRT nrdnnm‘e signature database. Gnnd

is achleved with the specxﬁed length and diameter of the ordnance as input
parameters for the spheroid, except for the 60- and 81-mm mortars, where
the length is modified to reflect the ferrous length and not the total ordnance
item length Detailed comparisons of magneuc modeling program signature

g . P T _4_.1 ........... cee a4l o YHITNQ e Jmnceny olfzrandzzena
C lCUld[lOﬂS Wlm measureda signatures Irom HIC VVLO OIUlAIICC dIZHALULLD
database are also good and will be presented in a subsequent report.

Another validation example is shown in Figure 26, where color-filled
contour maps of calculated signatures (bottom) are compared directly with
measured signatures (top) for a 105-mm projectile at five azimuths in the
horizontal plane. The agreement between the top and bottom in both
specmcs and generalmes is qulte gooa Note that the calculated signatures
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and to compare the dctectablhty of dlfferent ordnance items. For example,
graphs in Figures 27 and 28 compare the maximum positive TFM anomaly for a
155-mm projectile and a 500 Ib bomb respectively, asa f'unction of' depth to
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“clutter comnonents ( mcludm ual varrablllty) maximum depths for
detection of given ordnance 1tems can be estimated. For example, if the
average magnetic noise level at a site is 5 nT and assuming that measurement
spacing is adequate to delineate the anomaly signature, then a 10-nT anomaly
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(two times the average noise level) is reliably detectable. Using the 10-nT
threshold for detection and Figure 27, a 155-mm projectile is detectable to a
depth of approximately 2 m for the worst-case orientation (inclination = 0,
relative to horizontal, and azimuth = 90 deg) and to a depth of approximately
4 m for the best-case orientation (inclination = 90 deg). Similarly, using the
10-nT threshold and Figure 28, a 500-1b bomb is detectable to a maximum
depth of approximately 4 m for the worst-case orientation and to a maximum
depth of approximately 9 m for the best-case orientation.

Another example of phenomenology studies is illustrated in Figure 29. This
example dramatically illustrates the effects of orientation/demagnetization
effects caused by the orientation of the elongated ordnance (155-mm projectile)
relative to the earth’s magnetic field. For both cases in Figure 29, the inclina-
tion of the earth’s field is 65 deg, which is typical of the inclination at Fort
Carson, CO, and Fort A. P. Hill, VA. In the first case (left), the inclination of
the spheroid model (45 deg relative to horizontal) is in the approximate
direction of the earth’s field, and the TMF anomaly signature is dipolar in
appearance with a peak positive magnitude of nearly 240 nT. For the second
case (right), the inclination of the spheroid model (-45 deg relative to horizon-
tal) is approximately perpendicular to the Earth’s field, and the TFM anomaly
signature is monopolar in appearance with a peak positive magnitude of only
110 nT (less than one-half the magnitude of the first case). This example makes
it dramatically obvious why a simple magnetic dipole (equivalent sphere)
inversion can result in significant errors in ordnance depth and/or size.

Electromagnetic Induction
Modeling Considerations

Background

Due to the complexity of general solutions of EMI responses for realistic
UXO geometries, this section only briefly reviews work of others and pre-
liminary investigations conducted during the present effort. Rigorous analytical
solutions to date are for simple geometries, e.g., layered earth, spheres, plates,
and circular cylinders (McNeill and Bosnar 1996, Barrow et al. 1996, Ward
and Hohmann 1987). Das et al. (1990) extend consideration to a prolate
spheroid but point out that rigorous analytical solutions do not exist for the
general case of a conducting, permeable spheroid. Analytical solutions often
require numerical evaluation or approximation but do not require problem
discretization, as in finite difference, finite element, boundary integral, or
hybrid computational techniques. Numerical modeling, involving space, time
and/or frequency discretization, complex/realistic geometries, and the full
range of physical properties and processes, is notoriously computationally
intensive (Hohmann 1987, Laveley 1996); currently this type numerical
modeling is reserved for phenomenological studies but is not practical for the
repetitive, iterative calculations generally required for geophysical inversion.
Thus numerical modeling and even analytical solutions resort to approxima-
tions of various types: asymptotic approximations; quasi-static solutions; low-
frequency or high-frequency limit solutions for FDEM; early-time or late-time
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solutions for TDEM. Many of these approximations in time or frequency
domains are equivalent for different combinations of physical properties (Wait
1982, Butler and Fitterman 1986, Butler 1986, Ward and Hohmann 1987).

cialized, nonstandard 0.5-m X 0.5-m Tx and Rx coil EM61 system was used in
the DARPA program. The EM61, like many TDEM systems, operates by
rapidly turning off a current in the Tx and detecting transient (decaying) magne-
tic fields at tne Rx’ s rrom mducea current trans1ems in the subsurface. The
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gate is moved cl ser to the transmlt pulse for even hxgher sensmvny, Nelson
McDonald, and Robertson, 1997). The prototype TDEM system (EM61-3D)
used at the DARPA sites records 20 time channels for each of 3 orthogonal Rx
coils (the vertical and 2 horizontal components).

(
IZ A
=)
b
=
9 &

Tx) at one of the DARPA sites. The two Rx measurements for the standard
EM61 give two integrated magnitude measurements and their difference (or
vertical gradient) as a function of position as the system is pulled along the

grouncl surface. Typicaily, the EM61 data are dispiayed in map form, and
signatures of shallow metallic objects are apparent, allowing accurate location
of the positions of the objects. Depth estimates are determined from the spatial
wavelengths of the signatures or based on gradient information from the top and

bottom Rx’s. Current efforts apply empirical adjustments based on measured

signatures to spherical model predlctlons to account for ordnance shape and
orientation effects (Barrow et al. 1996 and 1997) with increasing success.

r

n anrio

lju\«ll\al\vﬂ, tlUll,
bility 1

discrimination is 00531ble when the EMI data are 1ntegrated wnth other geophys—
ical data (Chapter 2). Another possibility, for increasing discrimination and
identification/classification capability, is to obtain more information with the

EMI systems. Two enhanced capablllty prototype EMI systems (first used for
UXO applications during the DARPA program) are described in more detail in
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the next chapter. These enhanced capability systems include a multichannel,
multicomponent TDEM system and a multifrequency FDEM system. EMI
modeling and analysis capability during the current effort is addressed specifi-
cally to the multichannel, multicomponent TDEM system' since it likely has the

P T, PRy

most general appucaouuy, and then modeling the standard EM61 signatures of

Amannna 10 o0 gnanial ~raca

oranance iS a dpiiial Case.

Three techniques for modeling the full time domain EMI response of a com-
pact, conductive, permeable ordnance object are (1) simple model-based
approach with empirical adjustments for time response (quasi-empirical
approach) (2) complete physics—based analytical time domain solution for well-

JUR. S P I b 5 VOIS LIV - DUy o]

h tad h
proach are presented here. ' The capab'lity

allowed by approach (2) would greatly enhance the feasibility of true joint
inversion fo I mu ultisensor integration and should be aggresswelv pursued.

these efforts will significantly advance understanding of TDEM phenomenology
and enable parameter studies, although utility of these approaches as tools for
data inversion is uncertain.

McNeill and Bosnar (1996) discuss the response of compact, simple geom-
etry objects to static and transient EM fields. Specifically, they reference
spheres, plates (discs), and rods (or cylindrical shells). Also, the contributions
of finite electrical conductmty and finite magnetic permeability to tne overall
EMl sponse are consmerea To modei these simpie geomeiry
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discs, the EMI response i

tation of the object relative to the nducmg magnetic ﬁeld. F or the long axis of
rods perpendicular to the inducing field or the plane of discs perpendicular to
the inducing field, the response of permeable (ferrous material) and
nonpermeable objects are similar; when the inducing field is abruptly turned
ott a dlpOlar response due to decaymg eddy currents (c nductivity response)
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pol arization respo ble objects; for this case the response

is virtually zero f or nonpe rmeabl ob_| ects. Fora general orientation of the
inducing field, the response of plates and rods can be approximated by
orthogonal dipolar responses in the two symmetry directions of the objects.
McNeill and Bosnar (1996) present measured time decays of the induced fields
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McNeill! proposes an initial approach for time-domain response of UXO that
utilizes orthogonal dipoles, along and perpendicular to the long axis, to rep-
resent the total EMI spatial response (see also Das et al. 1990). The procedure
then modifies the relative contribution of each dipoie according to the measured
aecay cnaractensncs of specific ordnance uems aetermmea with the ordnance

e Al arilne 44 thha mrinaney 1 diintas “'AI,I AF nem ﬂ\‘(I T"
rpendicular to the primary inducing field of an EM61
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For each ca.cu!ation location (X,Y), the inducing field (which is assumed
uniform at the object pnsitmn) is resolved into components along the orthogonal

Indication of the capabxhty of this approach to replicate general observations of
TDEM signatures and spatial signature evolution with time is illustrated in
F igure 32 from McNeill (155 -mm projectile simulated at depth of 2 m,

PY-ak]

inclination 45 deg, and azimuth 45 deg ). The upper set of contour plOIS (2-m X

2-m area) is the root square magnitu de of th i 1 fiald —/m?2
2-m area) is the root square magnitude of the horizontal field, i.e., B, = (B> +
2\ . o
B, )*. Both the horizontal and vertical components indicate the target azimuth

( 45 desz) The effect of excitation of the perpendicular dipole is noted at early

time, which decreases with time. The long axis excitation dominates at late
time.
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2 of 45 deg. The model uznatures eXhlblt an 1ntumve transition
from bl—orthogonally symmetric (symmemc about both the azimuth direction
and perpendicular to the azimuth) for a dip of 0 deg, proceeding to axially
symmetric about the 45 deg azimuth for a dip of 45 deg, and finally to

completely c1rcularly symmetnc for a dip of 9U deg. The azxmum response

45 GEg. AS UiC azimuln is Cnangea, i signatur® Componéints maintainl snape
and magnitude, as required. Future plans for this model include efforts to
determine rational procedures for mcludm physical size of the object in the

111v 1aliVlld JLL al

model (currently the dipole size parameters are normalized to unity and size
only enters in the measured time decay over actual size ordnance) and
validating depth and orientation signature dependence by correlation with
measured signatures.

Phenomenological Modeling
and Multisensor Data Integration

Geophysical parameter space plots

Selected examples of multisensor data presented previously illustrate data
integration procedures, and a specific type of analysis in geophysical

! Personal Communication, July 1997, J. D. McNeill, Geonics, Limited, Mississauga, Ontario,
Canada.
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measurement/parameter space now illustrates the importance of developing
phenomenological modeling capability. The role of model-based analyses and
interpretation of multisensor geophysical data in general is discussed extensively
in Chapter 2. An example of TFM and TDEM data from the NRL ordnance
signature library in Figure 35 serves to illustrate the key points (4 m X 4 m
area for top plots). The data are for a 105-mm projectile at depth 0.49 m,
inclination 0, and azimuth 90 deg. The TFM data in the left plot is the same as
one of the cases in Figure 26, used to validate the magnetic modeling program.
The TDEM data in Figure 35 is similar and consistent with the TDEM early-
time modeling examples in Figures 32 through 34 (except for the obvious
difference in ordnance size and inclination). Thus with some advances in
understanding and modeling capability for the TDEM case, both of the sensor
datasets in Figure 35 can be modeled, allowing a model-based interpretation.
The middle plots are principal N-S profile plots across the center of the signa-
ture in the top plots. The bottom plot is a measured parameter space plot,
which simultaneously portrays (integrates) the amplitude and phase relationships
of the two signature profiles. Parameter space plots for four cases are given in
Figure 36 for two orientations of the same ordnance item and for two ordnance
items with the same orientation; depth is approximately the same for all four
cases.

Parameter space plots have diagnostic characteristics, allowing interpretation
of the object(s) causing the multisensor anomalies with fewer known parameters
and/or assumptions (e.g., Butler 1995). Parameter space analyses techniques
are not limited to 2-D spaces, with a 3-D space from three datasets, €.g., TFM,
TFG, and TDEM, a common possibility. Also, parameter space plots can be in
terms of extracted key parameters, such as the example in Figure 9. In terms of
multisensor integration by nonmodel based approaches such as neural networks
or “fuzzy logic,” the parameter space plot collapses multisensor signature
information to a form better adapted to a holistic type analysis. For model-
based approaches to multisensor (multimethod) integration, assumption of a
common geometry for each dataset allows direct solution for the common model
parameters, e.g., length, diameter, depth, inclination, azimuth. The model-
based solution proceeds from either (a) a geometrical analysis of the parameter
space figure or (b) iterative forward modeling (inverse solution in parameter
space). Forward modeling capability for each geophysical method, once
validated as discussed previously, allows systematic study of parameter space
geometries in a more rigorous and comprehensive manner than relying on
measured data alone.

Manual implementation of proposed
multisensor integration algorithm

The NRL Twentynine Palms MTADS data afford opportunities for
multisensor integration investigations. Figure 37 shows an approximately 36-m
X 36-m area display of TFM, TFG, and TDEM datasets (McDonald et al.
1997). The yellow circles in Figure 37 indicate the location of a group of
closely spaced inert 60-mm mortar rounds. To illustrate the role of phenomeno-
logical modeling in UXO detection and discrimination, a manually implemented
version of the proposed algorithm in Figure 23 is applied to the geophysical
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anomalies caused by the shallow buried 60-mm mortars (Figure 38). All eight
anomalies caused by the mortar rounds are shown dramatically in the TDEM
data, while two of the eight mortars are barely visible in the TFM and TFG data
w1tn the selected plottmg tnresnolas and contour 1ntervals 'T'ne T‘DEM dataset

\,Dlllllatbu a{
anomaly ma al elength:
60 mm and buned at shallow depths. Orlentatlons for the eight targets are
estimated from characteristics of the magnetic anomalies, and for illustrative
purposes, all mortars are estimated to lie at an inclination of 0 deg relative to
horizontal and to have azimuths of 0, 45, or 90 deg. Using the target estimates
and the known Earth’s field, magmod is used to compute the magnetic
signatures of the eight mortars.

natial wavelengths lmnwmo that all targets are

o
Siiieee e SpaLa S, X2V Siat gl algtls

To compute the combl--ed,/-om e total mannehc field of the clght_ mor-
tars, a MATLAB" script combme2 is executed. Each case is computed sepa-
rately using magmod and each saved with distinct output file names. The eight
output files from magmod are input to combine2, which computes the composite
field. The composite field output from combine?2 is subsequently input to the

magmoa to dlsplay the output composne file. After minor manual iterations

svyedle caemnzan T -~ amaen A2 s A TTIONA 054 1o ahnzziee tee Itrzeen A0 T ~
with magmod the composite predicted TFM field is shown in Figure 39. The
key details, of the TFM map of the 60-mm mortars in Figure 37, are replicated
in Figure 39

Chapter 6 Development of Phenomenological Modeling Capability
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7 Considerations of
Emerging Technology
for UXO Applications

Introduction

The potential importance of innovative, emerging geophysical technologies
for advancing UXO discrimination and identification or classification is dis-
cussed in Chapters 1 and 2 and is illustrated in this chapter. New and emerging
technologies that may allow improved discrimination and ultimately
identification of UXO are:

Multichannel, multicomponent TDEM systems.
Multifrequency, multicomponent FDEM systems.
Multicomponent vector magnetometers.

Tensor magnetic gradiometers.

S A0 S8

Near real-time, high-resolution microgravimetry.

f- Acoustic wavefield imaging.

In this chapter, the potential contribution of emerging technologies a and b
above is assessed by examples from data acquired at the DARPA sites. The
emerging technology TDEM and FDEM systems applied at the DARPA sites
were prototype systems; and, as a result of the lessons learned from these first
data collection efforts, needed improvements are identified. Some data,
particularly for the prototype TDEM, were noisy and do not represent the ulti-
mate potential of the technology. In this chapter, selected display and analyses
approaches are explored for the data from the prototype systems. In no way is
the total potential of the emerging technologies for UXO discrimination and
identification assessed or achieved in this report.
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Multichannel, Multicomponent
TraNr--nn N g
1DUEIVI oysteln

Background

A prototype multichannel, multxcomponent TD EM system, des1gnated the

61-3D* was used for data acquisition at the four DARPA sites (Parsons
a 1 +

Chinnmnn T..n. 1007\ "I"l.e EL‘V{G}. QD vt e Standarrl EPV{SI TX
S

within the Tx. to

WUAAS VY ALAiaai taiv & iy

v

0
. components of the secondary induced
transient ﬁeld ( multrsenso tem) The system uses a standard TDEM
receiver electromcs package which samples the transient with 20 channels
(gates), and records a full set of 60 measurements at each surface location (0.4-s
mtervals) Fi 1gure 40 shows the EM61-D in operation at Fort Carson,

(@]
=
o]
N
‘S
E='_

Colorado, ana glves the times of the 20 gates at each of the two base operating
frequencies (repetition rate) of the system. Most of the surveys were conducted
at the 7.5-Hz repetition rate and transients (decay curves) from three Tx
waveforms were stacked to produce each complete record

Data acquired with the EM61-3D over one of the 1-hectare DARPA sites
results ina very large data volume The present effort concentrated on ways of

Single-component analyses procedures

Smgle—component maps. One obvious way of exammmg the data is to pro-
duce site maps of individual components for selected time gates. For example,
Ve e céne " 3
1

Al nceae ala mmn satac) ) s onan Aaed TRALT wiindanw: and ok
cnanneis \umc-gdtt:b ) < tos Spaii tn€ stanaara civid1 winaow, ana <ina nel 3is
approxr.uately in the center of the mteg at d trmee ate recorded by the standard

response levels due to the geology of the sxtes, cultural clutter, and a sxgmﬁcant
level of system noise; this suggests applying a low-cut amplitude threshold to
enhance anomalies caused by buried metallic objects (similar to the GIS layer

query in blgure 17). For the three components and all time-gates, there will be
60 site maps for each site. With this rich data set, there are considerable possi-
bilities for image processing type analyses for background subtraction and
lnr‘a!ived anor .aly enhancement, change detection as a ﬁl_-ction of t.unei and

- . 4

txmes.

Three-axis representation of single-component complete decay curves. A
second procedure is to examine promes of the complete time decay for seiected

R TR

profiie lines. The three-axis representation in Figure 41 is for the vertical
component recorded along segment of a north-south line at the Seabee Site. The

1 —~ . T e e 3 moame s ~ L ~ 1
©  Geonics, Limited, iMississauga, uUntario, Lanada.
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N

EM61-3D Time Gate Locations (in ms)
7.5 Hz, ms 30 Hz, ms
Gate Start Center | Width Start Center | Width
1 320 353 065 320 328 256
2 385 428 .085 336 .347 261
3 470 525 110 358 371 268
a 580 648 135 385 402 274
5 715 .803 175 419 441 284
6 .890 1.003 225 463 491 296
7 I.i15 1.258 285 519 554 311
8 1.400 1.583 365 .590 636 331
9 1.765 1.998 465 .681 739 356
10 2.230 2.525 .590 798 871 388
i 2.820 3.198 758 945 1.039 429
12 3.575 4.055 .960 1.134 1.254 480/
13 4.535 5.148 1.225 1.374 1.527 546
14 5.760 6.543 1.565 1.680 1.876, 631
15 7.325 8.323 1.995l,  2.071 2.321 .739
16 9.320 10.590 2.545 2.570 2.888 .876
17 11.870 13.490 3.250 3.206 3.613 1.053
i8 15.120 17.190 4.145 4.019 4.537 1276
19 19.260 21.900 5.285 5.055 5.715 1.561
20 24.550 27.920 6.740 6.376 7.218 1.925
End of 20 31.290 8.061
Figure 40. Photograph of the EM61-3D in use at Fort Carson, Colorado (top), and listing of the
20 time gates for each of two operating base frequencies (repetition rates) of the system
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time axis “comes out of the plane of the figure” and represents approximately
21.9 ms of the decay curve. Noise both spatially and temporally is obvious in
the representation, however anomalies caused by known buried items are
apparent and two of the known (and openly releasable) ordnance items are
indicated. Three facts are evident from examination of numerous raw and
spatially and temporally smoothed representations like Figure 41:

a. Buried metallic objects have higher initial (early-time) TDEM magnitudes
than background.

b. The decay persists with higher magnitudes to later times than background.

c¢. The spatial extent of TDEM anomalies along track are greater for
ordnance items oriented along track than for items oriented cross track.

Two-axis representation of individual component complete decay curves.
Another technique for displaying the similar information to that in Figure 41 is
to view the decay curves in two dimensions as illustrated in Figure 42. In
Figure 42 each of the three recorded components is displayed separately in a
magnitude versus profile distance plot. At each profile position, a series of
vertical dots represents the 20 measurements of magnitude versus time of the
decay curve. The background clearly forms a horizontal “noise” band; the
noise band is considerably smaller for the y-component (along-track compo-
nent). Data spikes which extend above or below the noise band are indicated as
targets (T), which are very likely buried metallic objects and possible ordnance
items. Seven targets are indicated in both the z-component (vertical) and
y-component data at the same locations, while three of the same targets are indi-
cated in the z-component data. Note that values can be negative for the x- and
y-components, while the values are positive for the z-component.

Characteristics of complete decay curves at single locations. The forms of
the z-component decay curve at given surface locations over known objects are
illustrated in Figure 31 (an aluminum plate) and in Figure 43 (60-mm and 81-
mm mortars, 105-mm and 152-mm projectiles). As suggested by McNeill and
Bosnar (1996) and McNeill’, there is considerable expectation that character-
istics of the complete decay curves over metallic objects will provide discrim-
ination capability and possible identification potential for UXO. Several
observations supporting the preceding proposition are apparent in Figures 31
and 43 and in many additional decay curves examined during the investigations
(many over “bare” ground and buried non-metallic objects):

a. All of the metallic objects have high initial (early) time magnitudes, and
after an initial rapid decay, maintain finite magnitudes for late times.

b. Nonmetallic objects have low to intermediate initial magnitudes and
decay to near-zero magnitudes generally in less than 5 ms.

c¢. The decay curve for the aluminum plate decays monotonically to very
near-zero magnitude at late times.

! Personal Communication, July 1997, J.D. McNeill, Geonics, Limited, Mississauga, Ontario,
Canada.
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Figure 43. TDEM decay curves (vertical component) over four shallow ordnance items,
Seabee Site, Fort Carson
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d. The decay curves for the ordnance items (ferrous) are quite smooth and
indicate nonmonotonic decay at intermediate times.

e. The magnitude at channel (time-gate) 20 increases as size of the ordnance
item increases.

The above observations lend considerable support to the potential for discrimi-
nation and identification of UXO from observations of complete decay curves
for TDEM. McNeill and Bosnar (1996) suggest that the decay curves can be
fitted with various forms of decaying exponential functions with two to

three fitting parameters, which may be diagnostic for ordnance versus non-
ordnance discrimination and of ordnance type.

Single parameter discriminant. Examination of Figures 31 and 43, as well
as many other decay curves, suggests that a parameter such as the area under the
curves might be an effective discriminant. The area is related to the “energy”
induced in subsurface volumes, particularly compact metallic objects. Areas
under the decay curves along the same profile line shown in Figure 42 are
displayed in profile form in Figure 44. The same seven target (T) locations
shown in Figure 42 are indicated in Figure 44 and correlate with dramatic peaks
in decay curve areas, with the background areas forming a very narrow “noise”
band. Although not examined in detail, the absolute values of areas of x- and
y-component decay curves above buried metallic objects apparently will also
produce maxima above a background noise band.

Multicomponent parameter space analyses techniques

The individual three-component displays in Figure 42 and considerations of
the decay curve areas considerations strongly suggest that some form of
multicomponent (multisensor) analysis technique will provide diagnostic tools
for UXO identification. Two types of multicomponent parameter space
representations are presented and briefly described here: (1) spatial profile
figure in three-component space at selected times; (2) decay time figure in
three-component space at selected position. The first type multiparameter space
representation is a spatial profile crossing an anomaly feature of interest
(identified by the techniques discussed above), where each “point” on the figure
represents the three-component magnitudes at a given surface location, and the
entire figure is for a selected time (i.e., there could be 20 such figures). The
second type representation is for a selected surface location and the figure is
formed by 20 points, with each point representing the three-component
magnitudes at a specific time. Perhaps the greatest difficulty in three-
component parameter space analyses as suggested here is to visualize,
recognize, and characterize the geometry of the figures formed by the two types
of representations. A possible approach to analyzing the geometry is to
examine projections of the figures on the three orthogonal component space
planes. Another procedure for geometric and time-evolution analyses requires
reducing the space to 2-D by combining the two horizontal components into a
horizontal magnitude, as was done for Figures 32 through 34.

Spatial profiles in three-component space. Examples of spatial three-
component space plots are shown in Figures 45 and 46. Each figure shows
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three plots for Channels 1, 10, and 20, corresponding to early, intermediate,
and late times (see Figure 40 f r the ac tual tir nes o the chanr ls) FIQ'UI'C 45 is

hence represents the response of the soil at the sxte. The axes are component
magnitudes in mV, with the z-component the vertical axis. The 15 points
defining the geometrlc figure in hgure 45 are sequential measurement points

_ AT O -t P e T PR W |

along a N-S profile. Geometrically the figure resembies a “scattergram” that
miaratac davwmnumrd and tn tha laft ac a fiinntinn Af tima in tha nlate

uuslau,a VMUWILYALU Aliu LU WG IViL ad a 1UlIVLIVIL UL LG UL v PIULD.
Ultimately, at very late time, the ﬁgurc should shrink to a point at (0,0,0); the
fact that it doesn’t appear to behave in this manner may be due to both back-

ground (geologic) variability along the profile line and system noise.
Examination of a number of noisy, fixed location decay curves (Figure 31 is an
example ofa nearly noise-free decay curve, while Figure 41 contains some
noisy decay curves) ) indicates that noise in the vertical component may be as

large as 20 mV for some channels for the prototype system. Figure 45 indicates
ramnarahla nnica lavale far tha tiwn harizantal scamnanante
Vuildilpalavlv 11VIDV IVVLID 1UL UV LWU VL ILviiwalr UUIIAPU]I\,III.D

Figure 46 shows a three-component, profile plot crossing a 20- X 20-cm
(8- x 8-in.) aluminum plate buried at a depth of 5 cm to the top of the plate.
The center of the plate is crossed near proﬁle point 8. Note the larger axis
intervals in Figure 46 than in Figure 45. Geometrically, the plot figure

(ranilno ¢m thhne Alecnnernd FAse cAman

S an eihps with a Cusp at wa€ Ui‘l’gli‘l, Siimiiar 10 wiat O0Servea 1or Somie
ctriiotnirac in oravity oradient cnace nlate /Rutlar 1008 Tha nlnt fionre chrinke
SLLUVLULVY 11 élavll LAuUIViIL Dpave PIUI’E \uuuvt 1//.’/. Py iy PIUG Llsul\a OLEL L1EEWY
in size, apparently maintaining the cusp, and approaches a “point” at the origin

at late time (Channel 20). Actuallv. considering the component scale
differences between Figures 45 and 46, the plot ﬁgure size at channel 20 is
comparable in size to the background plot at Channel 20. It is the well-defined
figure shape and cusp that apparently exists for the aluminum plate that holds
promise for discrimination and identification (Butier 1995).

flat plate, consider an iron (ferrous)

L r""'v LULlbIULl 411 11vVil

As a contrasting case to the conducting
sphere, i.e., magnetlcallv permeable and conducting (Figure 47). The sphere is
12.4 cm diameter, buried at a depth of 10 cm to the top, and lies approximately
beneath profile position 7 (indicated by an asterisk). An important
consideration for analyses of F igure 46 and 47 is that both objects are buried at

depths smauer than lhe Tx dimensions. This consideration means that, except

Lo ol o

PRSP it alan mammie s ond ol s .

, symmeiry in the components should not be

o
o0

source., 1ent Spagia] prnﬁle plot: s
and 20 for this case (Flgur 47) indicate a much different geometrlcal structure
and time response than the conducting ﬂat plate case. From the perspective view
of Figure 47 (identical to Figure 46), the plot figure appears to have a well-
defined geometry at early time but then collapses apparently to a “line” at late
time. The point directly above the sphere has a positive cross-track (x)
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component at early time that becomes negative by intermediate times. The
e, + L rnaminnnant 10 o nranica indinatnr Af tha lanatinn Af tha nhiant N Aice
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ig clearlv contaminatine the nlot fiocures and nrevents the easv recoenition of
1s ciearly contaminating the plot figures ang prevents the €asy recogmition of
diagnostic features, particularly from the one perspective view.
) ) PRSI § I SR P T nse czzeeln o samtdemean Monse e~
ecay umes 1 uiree-comiponen [ Spact. ror SuiidCe posItuoil dpprox-
imataly dirartly nvar calantad nhiante nlata and enharae time_darav rnrvec in
i1iiawvi Uil A\VA A %7 8 obu’\«u«u UUJ\r\tlD ylau', aliliu nyu\«uyo, tiavTuLvay vul vwo i
onsiderations of Emerging Technology for UXO Applications



92

Fe Sphere

Channel 1

y1 (mv)

x1 (mv)

Channel 10
ylogmy) %0 40
10
80 "o 2 1O N
. x10 (mv)
200
%1
40
» 2 Channel 20
0 %
20
-40
yomy % o 40
P o 2
80 20 20 10
-0 20 (mv)

Figure 47. Three-component parameter space plot for an iron sphere (profile location of sphere indicated
by ‘s’; see text for details), Seabee Site, Fort Carson, for EM61-3D Channels 1, 10, and 20
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three-component space are plotted in Figure 48, A background decay curve is
also shown in Figure 48 for comparison. The aluminum plate and iron sphere

ik 15Ul il e 1

are the same targets referenced in the two preceding paragraphs The alummum
sphere (spherical shell) is 25.4 cm in diameter and is buried 60 cm to top.
There is a dramatic difference in the character of the plate and sphere responses.
The two spheres show an approxrmately monotonic decrease (througn

mtermed iate times), in the vemcar {(z) and cross-trach

1sition at intermediate times are caused bv the added nermeablhtv esnonse
for the iron sphere. Three-component decay plots for three ordnance items (one
mortar and two artillery projectiles) and one metallic AT mine are shown in
Figure 49. The decay responses of the pro_]ectlles are totally different in

=1
i<+
=+
@,

character from the decay plots in Figure 48. The decay response of the metaliic
(steei) AT mine is totaily different than the projectiles responses but resembles
the aluminum plate response. For the steel mine, there is also a transition at
intermediate to late times that resembles the transition of the iron sphere

0. 5 dram) the prrmary Tx the middle coil used to cancel the prrmary ﬁeld
over a region at the center, creating a magnetic cavity, and a Rx coil within the
magnetic cavity. The primary ﬁeld is generated by a composite waveform that

is broadband, measurmg both quaarawre and lIl-p as€ Compo

Lony s snmean ON TT2 ¢~ IA LIT Matn annig t. 1

frequency range 90 Hz to 24 kHz. Data acquisition rates up ¢ 10 Hz are
possible with multiple frequencies, and the system can also operate in time
domain

The potential of the multifrequency FDEM concept is illustrated in Fig-
ures 50 and 51, from a survey of the Center Square area of the Seabee Site.
The ellipses in the figures surround the regrstrauon targets (an aluminum piate

to the north and an iron sphere to the south at each location). EMI anomalies
appear in the plots, for 4,050 Hz and 12,270 Hz, as small, tightly grouped,
closed contours. With the plotting threshold selected for the anomaly plots,
most background noise is suppressed. The key features of the two figures are
summarized:

. For the anomaly plot of the quadrature componem at 4,050 H

LN\ Astes Fue~ ad

ure Sv), Uruy the southern iron bpucu: targetis are detected.

b. For the anomaly plot of the in-phase component at 12,270 Hz (Fig-
ure 51), only the northern aluminum plates are detected.
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omponent (right).

C
LY

These responses, along with the 4,050-Hz response in Figure 50, illustrate material type, geometry, and frequency dependence
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c. While for the quadrature component at 12,270 Hz, both the aluminum
plate and the iron sphere are detected.

These features indicate that the EMI response is both frequency, material type,
and geometry dependent.

The above observations suggest the possibility of electromagnetic induction
spectroscopy (Prlvate commumcatron I. .l WOIl Geophex, Ltd.),! wnere tne in

VUL, Lapat J4 JUSIAISS LU0 LAV22 Speala VL QR Ve

projectile) and various metalllc objects which are possxble clutter sources at
sites. Each spectra is obtained by measuring in phase and quadrature
components at a single location above the objects as a function of frequency,
and is observed to be distinctive for each indicated object Figure 53 carries the
spectra observations further, by malcatmg spectra dependence on orientation for

A e AT nann 2T A TThnen o paaele tndinntinn that tha

a glven oranance item (5/ min projeciu€). 1nere is €ary inaiCdiioii uidi uic
spectra of an ordnance item with inclination I (0 < I < 90 deg) can be deduced
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90 deg. For example, th Dectra for the case I = 45 deg in Fi 1gure 53 can be
replicated by simple averaging of the spectra for the horizontal and vertical
spectra cases. To carry this concept to general 3-D orientations will require
three-component measurements and development of data transformations from
analytical and/or numerical modeling that are validated by measurements.

Closure for Two
Emerging EMI Technologies

= EENS === =¥z LRI R A 4]

ySs
just prior to o orj fter their use at
th DARPA sites, and both svstems e currently in varymg stages of advanced
development and commercialization. There are still active investigations utiliz-
ing data acquired by the prototype systems at the DARPA sites and at JPG
Phase IIl. The work presented here and also the work of other investigators
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to standard-systems, such as total field magnetometers, the standard EM61, and
single-frequency EMI systems and metal detectors, both systems are capable of
efficiently surveying large areas.

1 Geo eophex, Ltd., Raleigh, North Carolina.
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Figure 52. Comparison of EMI response spectra for an ordnance item (upper left) and various clutter items;
illustrates discrimination potential. (Private Communication, I.J. Won, Geophex, Ltd.)
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Summary and Conciusions

This report presents a broad view of the UXO detection, discrimination, and
identification requirements and of problems associated with achieving those
requirements. Concluding that UXO detection except for problematic cases, is

s ranteatas As Aafialans tlan nrssesend od o Nénnéinm nnsn - - "
conceniraies on defining the uuucu‘ status of detection capability ud then
addresses the discrimination and identification problems. There are two
nroblematic cases for which de ect ion capabili ty does not u,t‘en_ly exist

PI‘OJCCtllCS, (2) ordnance 1tems burted too deeply, relatlve to thetr size, for
detection with present technology. Very small ordnance items such as the
frequently present 20-mm projectiles are generally buried at very shallow

PR I ) |

depths. The anomaly magnitudes and Spatlal wavelengths of such small

PR SRR mwndilhit » opmarnl Az nahils 7
ordnance items prohibit a general detection capability on large, live sites with
current techn.').’ogy, although closely spaced groups or clusters of small

condmons there are burlal depth llmlts below  which the oblect cannot be
detected for each current technology (e.g., TFM, EMI, GPR), and hence there
is a burial depth for a given object below which it cannot be detected by any
current technology. The maximum burial depths for detection by current
technology are tundamental physical limitations, not to be 1mprovea or solved

AAAAAAAAAA ‘,VJ...-I-,.-. s o a hzein

The report concludes that there is not sufficient information content in cur-
rently deployed single-sensor survey data to allow UXO discrimination, except
in very special cases. General discrimination capability requires multisensor
datasets and integrated or joint mterpretatton The Naval Kesearcn Laboratory

AATATNG o Lo nvnmanla nas ancisies toalh ~eaallics snaialélanmanes TN
M1TADYS system, I0r €xampie, can dcquuc llgu quaiity miui tisensor (Lrivi,
TFG, and TDEM) datasets at high data densities over large areas at reasonable
production rates (current production rate estimates are 15 acreﬁ( hectares or
0.06 km?) per day for TFM/TFG and 7 to 8 acres per day for TDEM).

Currently, multisensor integration (“data fusion”) generally occurs at the data
processing and interpretation stage, not the data acquisition stage. Also,

Chapter 8 Summary, Conclusions, and Recommendations 101
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multisensor integration by most practitioners consists of side-by-side
comparison and correlation of processed data maps or images. Model-based
interpretation procedures for discrimination are rapidly advancing, but are
limited to analyses of each type of sensor data separately, followed by the side-
by-side comparison procedure and empmcal correlation between the model

Mhara avra alon AfFAweia ta anhiaga w.“lhnnnn intagratian 11

pi'f‘:tati() 1S. 11N€Te are aisSo €Iiorts 10 acnieve muilisensor megrauion usmg
2
a

are reported. This report assesses procedures for model-based interpretation
and presents a proposed multisensor data integration algorithm.

The report also concludes that UXO identification or classification is not
£ wxritle nrrmenstler AanlAs tanhna rannrta T cag in
I ULLT. llly (91 plU 1.

real world UXO contaminated sites. A key component of the ultimate solution
of the UXO discrimination and identification requirement is the development of
physws-based models for forward and inverse modelmg of geophysical s1gna-

. | 512 - A PP TR, RN PO, S L'A..T'I’Vh LY PORPRY o PR

tures. A QISIlnC{ pos ility exists that the data requnreu for UX
Tre “ A

UL
n UXO-like tareets. The logical proced

LANSTIARC WKRi oS, AVpaval PRUSVRRRIS

i o
onduct localized area surveys over the 1dent1ﬂed target
for final discrimination and 1dent1ficat10n.

A versatile magnetic modeling program for UXO is documented that is suc-
cesstully valldated by comparnson to measured le data. The program models

R T P D, N4 Al~cnls; anmernvimiatao

=3 0a

geomet nder:
is ¢ srdered and some success 111ustrated for the full time-domain
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Finally, two emergmg EMI technologies, a multicomponent, multichannel
TDEM system and a muitifrequency FDEM system, are evaluated. Both of
these systems were prototype systems at the time of acquisition of the datasets
used for this study. Various analysis techniques for the data from these proto-
type systems is con51de ed The notentral for dlscrlmmatxon and identification

mend continued study of analysis techniques and continued, advanced devel-
opment of the systems.

recognized by many nvestlgators
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Current technology multisensor platforms. For cost- and time-efficient
UXO detection surveys of large areas, a self-propelled, towed, or autonomous
multisensor platform is required. The platform must have integrated positioning
capability. The platform should have closely spaced arrays of sensors. The

recommended sensors for the platform are total field magnetometer (TFM) and
time-domain electromagnetic induction (TDEM) systems. The TrM arrays can
be arranged to acquire both TFM and total field vertical gradient (TFG) data

C ch equire separate surveys of areas with the
magnetometer arravs and the TDEM arrays. The Navy’s MTADS system is an
example of this type recommended system using current deployable technology.
Hand-carried versions of the current technology sensors must be available for

use in densely wooded areas.

Enhancemeiits for current technology multisensor platforms. Readily
identifiable technology enhancements for current technolo,,y multisensor plat-
forms include: (a) greater numbers of closer-spaced sensors in the arrays,

particularly to address the very small-size ordnance problem; (b) sensor systems
with greater sampling rates along track; (c) capability to acquire TFM and
TDEM data simultaneously; (d) “real-time” UXO detection decision aids. The
development and utilization of UXO test sites is a necessary adjunct to the
recommended enhancements.

) dicerimination
A7 SAJwA & SLCANSAR

EERERE

Excent for nosi-

. AvwpL AU pUST

ation shou accomplished at the data processing and
1nterDretat10n ge and not at the data acquxsmon stage. Whlle there may be
some potential in the approach of using neural networks and other nonphysics-
based approaches for multisensor integration for discrimination, the recommen-

dation from the present work is that data 1ntegrauon and mterpretatlon be

achieved by fundamentai physics-based modeling approaches. The recommen-

dation does not preclude the utilization or fundamental value of large, measured

UXO signature libraries for validation of modeling capability, or the use of

large libraries of model computed UXO signatures for signature matching
approaches to discrimination and identification.

Emerging technology for UXO discrimination and identification. This
report identifies several emerging technologies in Chapter 7 and discusses two
of the tecnnologles 1n aetan bmergmg tecnnowgles offer the grearesr hope

h

platforms.

Integration of new technology into deployable systems and multisensor
p’ tf'orms. lntegratlon ot new technologlcal capabluty into aeployable hand-

-

apphcablllty, while some w111 be limited to localized investigation for UXO
identification. Also, some may prove to have very limited applicability and not
justify any type advanced development. Some of the identified emerging

Chapter 8 Summary, Conclusions, and Recommendations 103



technology may be available for integration into deployable systems in the near-

term, say 2 to 3 years: e.g., (a) three-axis vector magnetometers, (b) multiple

axis magnetic gradiometers; (c) single-component (vertical) multichannel

TDEM systems (d) smgle—component multltrequency FDEM systems; (€) nea
S

real—ume high-resolution microgravimeiry. Other emerging iechnologie m'“'y
require a longer term investment, say 3 to 5 years, such as multicomponent

TDEM and FDEM systems and full tensor magnetic gradiometers. The final
identified emerging tec hg-low , acoustic wavefield imaging, may not prove
feasible or applicable to real world UXO problems and certainly represents a

longer term mvestment.

Chapter 8 Summary, Conclusions, and Recommendations
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